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Instructions to Authors 
1. Prior Publication 


Submission of a manuscript to the Editors involves the tacit assurance that no 
similar paper, other than an abstract or preliminary report, has been, or will be, 
submitted for publication 


2. Form and Style of Manuscript 


Manuscripts should be typed with triple spacing throughout, and only the 
original copy should be submitted. Before being mailed to the Managing Editor, 
all errors in typing should be corrected, and the spelling of proper names and of 
words in foreign languages, the accuracy of direct quotations, and the correctness 
of analytical data, as well as of numerical values in tables and in the text, should 
be carefully verified by the author. Care in grammatical construction is essential; 
vague, obscure, or ambiguous statements must be avoided. As the Journal is 

read by chemists in foreign countries, technical neologisms and “laboratory slang” 

should not be used; when unavoidable, such terms should be defined. Variations 
from standard nomenclature and all arbitrary abbreviations should be explained. 

The forms of spelling and abbreviation used in current issues of the Journal should 

be employed, and for chemical terms the usage of the American Chemical Society 

as illustrated by the indexes of Chemical Abstracts should be followed. Separate 

sheets should be used for the following: (a) title page, (b) bibliography, (c) foot- 

notes, (d) legends for figures, (e) tables, (f) other inserts. All, except the title 

page, should follow the text, and the sheets should be numbered consecutively with 

it. The title page should carry the title of the paper, the authorship, and the 
] name of the institution or laboratory of origin. 


Title 


The title should be as short as is consistent with clarity; in most instances two 
printed lines are adequate to give a clear indication of the subject matter of the 
paper. The title should not include chemical formulas, but chemical symbols may 
be used to indicate the structure of isotopically labeled compounds. A running 

» title should be provided (not to exceed 38 characters and spaces). 


4. Organization of Manuscript 


’ A desirable plan for the organization of a paper is the following: (a) introductory 
| statement, (b) Experimental (or Methods), (c) Results, (d) Discussion, (e) Sum- 
mary, (f) Bibliography. The approximate location of the tables and figures in 
the text should be indicated. 

(a) The introduction should state the purpose of the investigation and its rela- 
tion to other work in the same field, but extensive reviews of the literature should 
not be given. A brief statement of the principal findings is helpful to the reader. 

(b) The description of the experimental procedures should be as brief as is com- 
patible with the possibility of repetition of the work. Published procedures, unless 
extensively modified, should be referred to only by citation in the bibliography. 
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(c) The results are normally presented in tables or charts and should be described 
with a minimum of discussion. 

(d) The discussion should be restricted to the significance of the data obtained. 
Unsupported hypotheses should be avoided. 

(e) Every paper must conclude with a brief summary in which the essential results 
of the investigation are succinctly outlined. 

(f) The bibliography should conform in all details to the style used in current 
issues of the Journal. In the case of books, the author’s name with initials, the 
title in full, the place of publication, the edition if other than the first, the page, 
and the year of publication should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the author; all should be 
confirmed by comparison of the final manuscript with the original publications. 
References to “unpublished experiments,” “personal communications,” etc., must 
be given in foot-notes, and not included in the bibliography. References to papers 
which have been accepted for publication, but have not appeared, should be cited 
like other references with the abbreviated name of the journal followed by the 
words “in press.” It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct bearing on the paper 
whose publication is requested. 


5. Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be made by the use 
of formulas when these can be printed in single horizontal lines of type. The 
use of structural formulas in running text should be avoided. Chemical equa- 
tions, structural formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural formulas or mathe- 
matical equations which cannot conveniently be set in type should be drawn in 
India ink on a separate sheet in form suitable for reproduction by photoengraving 
(example, J. Biol. Chem., 181, 56 (1949)). 


6. Tables 


For aid in designing tables in an acceptable style, reference should be made to 
current issues of the Journal. A table should be constructed so as to be intelligible 
without reference to the text. Only essential data should be tabulated. Every 
table should be provided with an explanatory caption, and each column should 
carry an appropriate heading. Units of measure must always be clearly indicated. 
If an experimental condition, such as the number of animals, dosage, concentration 
of a compound, etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in the text or in a statement accompanying the table, and 
not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data should be avoided, 
and, whenever space can be saved thereby, statistical methods should be em- 
ployed by tabulation of the number of individual results and the mean values with 
their standard deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two groups of data should 
be accompanied by the probability derived from the test of significance applied. 


ma 
qu 
sh 
m: 
su 
th 
ra 
ul 
p 
e 
e 
c 
a 
e 
Cc 
4 
Cc 
i 


THE JOURNAL OF BIOLOGICAL CHEMISTRY 3 


Only in exceptional cases, the necessity for which must be clearly demonstrated, 
may the same data be published in two forms, such as a table and a line figure. 


7. Illustrations 


The preparation of illustrations is particularly important, and authors are re- 
quested to follow carefully the directions given below. In case of doubt, the 
Editorial Office will gladly supply specific information. 

It is helpful to the Editorial Office if all charts and drawings are submitted on 
sheets 84 by 11 inches in size. Large size drawings or those much smaller than 
manuscript sheets are difficult to handle. 

Charts should be planned so as to eliminate waste space, yet be provided with 
sufficient margin for labeling and for instructions about reproduction. Curves 
that can be placed on one chart without undue crowding should not be given in sepa- 
rate charts. The drawings should be made on Bristol board, blue tracing cloth, 
or on coordinate paper printed in light blue. Mounting on heavy cardboard is 
undesirable. Photoengravings made from photographic prints are inferior to those 
prepared from the original drawings, which should, therefore, be submitted when- 
ever possible. If it is necessary to submit photographic prints, because of the 
excessive size of the originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be fairly thick, as well 
as large enough for the necessary reduction. When oversized original drawings 
are submitted, a set of small photographic prints is convenient for the use of ref- 
erees. 

All charts should be ruled off on all four sides close to the area occupied by the 
curves, and descriptive matter placed on the ordinate and abscissa should not 
extend beyond the limits of these rules. Black India ink should be used through- 
out. Letters and figures should be uniform in size and large enough so that no 
character will be less than 2 mm. high after reduction (maximal page width 4} 
inches). 

The scales used in plotting the data should be indicated by short index lines 
perpendicular to the marginal rules of the drawing on all four sides, unless more 
than one scale is used on the ordinates, at such intervals that interpolation will 
permit reasonably accurate evaluation of experimental points. Points of observa- 
tion should be indicated by symbols drawn with instruments. The significance 
of the symbols should be explained on the chart or in the legend. If they are not 
explained on the face of the chart, only standard characters, of which the printer 
has type, should be employed (X, O, ®, 0,@, A, A, ©). 

Photographs submitted for half-tone reproduction should be printed on white, 
glossy paper. The cost of half-tone reproductions will be charged to the authors. 

Each chart, graph, or illustration should be clearly identified, on the margin, 
with the authors’ names and the number of the figure. Each must also be ac- 
companied by an explanatory legend. 


8. Proof-Reading 


Authors are responsible for the reading of galley and page proof. The cost of 
changes, other than correction of printer’s errors, will be charged to authors. 
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9. Reprints 

Reprints will be issued only when ordered by authors. When they are to be 
charged to an institution, an official purchase order must be supplied in addition 
to the order form submitted with the proof. All orders, including the purchase 
orders, must be sent to the Editorial Office of the Journal. The total number of 
reprints must be ordered when galley proof is returned to the Editorial Office. Re- 
prints are made at the time the Journal is printed and the type is destroyed at once. 
Therefore, additional reprints cannot be supplied after an issue of the Journal is 
printed except by a photo-offset method. The cost of such reproduction is many 
times greater than that of reprints printed from the original type. 


FRA 
Le 
tal 
col 
inc 
lut 
ple 
| set 
wi 
its 
T/ 
fri 
sir 
¢ol 
20 
un 
mc 
TE 


THE JOURNAL OF BIOLOGICAL CHEMISTRY 


lution, save staff time ana: 

pletely automatic, it needs @ 

set up for a given experiment, pet 
will then carry to.completion, 
itself off when the ‘job is done. The 
T/F model here will handle routine 


fractionation competently. Baséd-ena 


simple rate-of-flow principle, it will 
collect any number of samples up to 
200, each sample comprising any vol- 
ume from a few drops up to 28 ce (or 
more, on special order). 


For hyper-critical determinations, 


this Technicon Collector employs a 
photo-electric drop counter and 
totalizer, shown here. Each collection 
will comprise an identical number 
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CONVERSION OF 1-C"-MANNOSE AND 1-C"-GLUCOSE TO 
LIVER AND MUSCLE GLYCOGEN IN THE INTACT RAT* 


By MARGARET COOK? ann VICTOR LORBER{ 


(From the Department of Biochemistry, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, May 1, 1952) 


While mannose is known to be readily metabolized in mammalian tis- 
sues in a manner analogous to glucose, the metabolic relationship between 
these epimeric sugars has not been clarified. Bailey and Roe (2), studying 
the metabolism of mannose in the intact rabbit, concluded from indirect 
evidence that the pathway involves initial glycolysis to lactic acid, with 
subsequent resynthesis to glucose. A review of much of the available lit- 
erature on mannose metabolism will be found in the papers of Bailey and 
Roe (2) and Deuel et al. (3). 

The present work was undertaken in an effort to study the conversion 
of mannose to glucose in vivo, by use of the isotope distribution patterns 
found in liver and muscle glycogen after the feeding of 1-C'-mannose 
as indicators of the pathways involved. Similar observations were made 
with 1-C-glucose, both as an aid to the interpretation of the data from 
the mannose experiments, and for additional information they might offer 
on the metabolism of glucose in vivo. 


Methods 


The preparation of the 1-C™-p-glucose and 1-C™-p-mannose was under- 
taken by the method of Sowden and Fischer (4, 5). The 1-C™-mannose 
was isolated and characterized by preparing the insoluble mannose pheny!l- 
hydrazone under conditions which preclude glucosazone formation (6). 
The hydrazone was purified by recrystallization and had the same melting 
point as an authentic sample. The 1-C™-mannose was regenerated from 
the hydrazone with benzaldehyde. It exhibited the proper Ry on a paper 
chromatogram (phenol-water) and only one spot appeared. Owing to a 


* This work was supported in part by grants from the American Cancer Society 
on recommendation of the Committee on Growth of the National Research Council, 
from the American Heart Association, and from the Elisabeth Severance Prentiss 
Foundation. The radiocarbon used in this work was obtained on allocation from 
the United States Atomic Energy Commission. A preliminary account of this study 
has appeared (1). 

t This work is part of a thesis submitted by Miss Margaret Cook to the Graduate 
Fuculty of Western Reserve University in partial fulfilment of the requirements 
for the degree of Master of Science. 

t Career Investigator of the American Heart Association. 
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mishap, the 1-C'-glucose was lost, and we are indebted to Dr. H. S. Isbel! 
of the National Bureau of Standards for the material used in the present 
work. 

Albino rats, 160 to 185 gm. in weight after a 24 hour fast, were fed by 
stomach tube 1.2 ml. of a 50 per cent non-isotopic glucose solution per 
100 gm. of body weight in order to increase the glycogen yield (7). The 
1-C™ sugars were then immediately injected intraperitoneally. This route 
was chosen for mannose because of its slow absorption from the intestine 
(3, 8), and the C-glucose was administered in the same way so that the two 
experiments would be comparable. The 1-C™-glucose contained 195,000 
¢.p.m. per mM and the 1-C™-mannose 162,000 ¢.p.m. per mm. The ex- 
periments lasted 4 hours and a total of 1 mm of each C™ sugar was injected 
as a 5 per cent solution in four equal doses at hourly intervals. This was 
done to prevent overloading the kidney with mannose and the consequent 
mannosuria, since mannose has a low renal threshold. Some of the ani- 
mals were placed in a metabolism cage, as previously described (9), for 
the collection of respiratory CO». At the close of the experiment, liver 
and carcass glycogen were isolated and degraded by bacterial fermentation 
with L. casei, as previously described (9-11). In addition, carbon 1 was 
obtained as a separate fraction by the reaction of HBr with glucose as 
described by Sowden (12). Some samples of liver glycogen were also 
degraded via the p-glucobenzimidazole,' which involves the oxidation of 
glucose to gluconic acid and the preparation of p-glucobenzimidazole by 
the condensation of the gluconic acid with o-phenylenediamine (13). Oxi- 
dation of the benzimidazole with periodate yields, per mole of glucose, 
1 mole of formaldehyde from carbon 6, 3 moles of formic acid from carbons 
3, 4, and 5, and 1 mole of 2-benzimidazolealdehyde from carbons 1 and 2. 
The latter substance is precipitated from the mixture by the addition of 
sodium bicarbonate (14). The formaldehyde is separated from the formic 
acid by steam distillation of the neutral solution and is oxidized to formic 
acid with sodium hypoiodite. This formic acid and that from carbons 3, 
4, and 5 are oxidized to COs with mercuric acetate. The 2-benzimidazole- 
aldehyde is oxidized to 2-benzimidazolecarboxylic acid with NaOI or per- 
manganate and then decarboxylated at 190° to give CO: (carbon 2 of glu- 
cose) and benzimidazole (15), which may be totally oxidized or counted as 
such. Since carbon 1 is more easily obtained by the HBr degradation, 
the benzimidazole was not isolated. This degradation, therefore, gives the 
carbon atoms of glucose as fractions containing carbon 6 alone, carbons 3, 
4, and 5, carbon 2, and carbon 1, if so desired. 

Measurements of radioactivity were made on duplicate aliquots of all 
samples precipitated as BaCO; and agreed within +3 per cent or better 
unless the activity of the samples was very low. 


1 Lentz, K., Bernstein, I. A., and Wood, H. G., unpublished. 
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RESULTS AND DISCUSSION 


The general experimental data are summarized in Table I. 

Table II shows the results of the three degradations of the liver and 
carcass glycogen. It will be noted that in both the mannose and glucose 
experiments, in the carcass as well as the liver glycogen, the glucose from 


TABLE I 
General Experimental Data 

gm. gm. mg. mg. 

2 180 6.4 | 219) | 
1-C'-Mannose.................... 1 185 7.0 | 28 | 
2 160 6.5 | | 

3 160 5.6 | 2087 | 790 


*1 mo of C' sugar was injected intraperitoneally per animal. 600 mg. of C'- 
glucose per 100 gm. of body weight were fed by stomach tube. 

t The carcasses of the rats in Experiments 1 and 2 in the glucose series and of 
those in Experiments 2, 3, and 4 in the mannose series were pooled before isolation 
of the glycogen. 


TaBLe II 


Distribution of C'* in Liver and Carcass Glycogen after Administration of 
1-C'™.Glucose and 1-C'*-Mannose to Rats 


Specific activity* of various carbons of glucose | 
Experiment | Source of | Lactobacillus casei | HBr Benzimidazole | 
No. glycogen |“ fermentation | degradation 
glycogen 
3,4 | 2,5 | 1,6 1 2 | 3,4,5 6 
1-C'-Glucose...| 1 Liver | 54 | 56 532 | 1010 | 54t 8.8 
2 « | 50/36 1232) | 33 |63 10.3 
14,2 | careass|12| 7/354! | 50t | 5.8 
1-C'*-Mannose..| 1, 2 Liver 28 28 428 815/20) 2 | 34 | 9.7 
..| 3,4 33 | 30 | 498 | 991) (10.5 
2, 3,4 Carcass 9 4 | 205 408 | | 2; 4.7 


— 


* Specific activity is given as counts per minute per mg. of carbon. The liver 
glycogen samples in the 1-C'*-glucose experiments were each made to a total of 342 
mg. with non-isotopic glucose. The specific activities reported in these experiments 
have been corrected for this dilution. 

t These values are obtained by difference between the values for the carbons 1 


and 6 and carbon 1 fractions. 
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the glycogen is labeled almost exclusively in carbon 1 and to only a slight 
extent in the remaining carbons of the chain. Furthermore, the level of 
activity in the glycogen from the mannose experiments is comparable to 
that found when 1-C™-glucose was injected. The small difference noted 
is readily accounted for when the higher specific activity of the administered 
C™-glucose is taken into consideration. It will be seen that the per cent 
of administered isotope recovered as glycogen is essentially the same for 
the two sugars. 

The specific activity of carbons 2 through 6 is quite low in all the ex- 
periments and the differences noted between these various carbons are 
subject to considerable error. This is particularly so for carbon 6 in 
those instances in which the benzimidazole degradation was not carried 
out and the activity of carbon 6 has been obtained by the difference between 
values for fractions 1 and 6 and 1. It should be noted, however, that, in 
the two experiments in which carbon 6 was actually isolated, it appears 
to be slightly higher in activity than carbons 2 through 5, in both cases. 
It appears that the value for carbons 3 and 4 from the liver glycogen in 
glucose Experiment 2 may be in error. This is the only one of four similar 
fractions from liver which appears to be appreciably different from the 
corresponding carbon 2,5 fraction, and in addition there is poor agreement 
with the fraction containing carbons 3, 4, and 5 obtained in the benzimida- 
zole degradation. It should be noted that the true values for all the frac- 
tions containing carbons 3 and 4 may be somewhat lower than those found 
by the bacterial fermentation, since Gibbs et al. (16) reported that this 
degradation introduces about 3 per cent of the isotope from carbon | 
into carbons 3 and 4. 

The tracer pattern of the glycogen is of interest in that it gives some 
indication of the pathway of the conversion of the glucose and mannose to 
glycogen (7). If there had been cleavage of the administered sugars to 
triose, phosphates and they were equilibrated by triose isomerase prior to 
the glycogen synthesis, the 1 and 6 positions of the glucose of the glycogen 
would be labeled. If, in addition to cleavage, there were randomization 
via the Krebs cycle, then positions 2 through 5 would also be labeled. 
Since between 80 and 90 per cent of the total activity isolated in the glucose 
of the glycogen was in carbon 1, while less than 5 per cent was found in 
each of the remaining carbons, it may be concluded that somewhat better 
than 75 to 85 per cent of the activity recovered resided in a hexose unit 
labeled solely in carbon 1, which was deposited in the glycogen without 
prior chain cleavage. The yield of a hexose labeled only in carbons 1 
and 6 cannot be estimated with any assurance, since the activity in posi- 
tions other than carbon 1 was low and the differences in specific activity 
found between these positions were slight. However, in the experiments 
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in which carbon 6 was isolated, it appeared to be somewhat more active 
than carbons 2 through 5, in accord with expectations (7). 

The exact extent to which the final glycogen has been formed via the 
various pathways cannot be inferred with any accuracy, since the degree 
of isotope dilution occurring in the different reactions involved is not 
known. There can be no question, however, that, as between the direct 
path from hexose and that involving the various ether pathways taken 
together, isotope dilution in the direct conversion to glycogen must be 
appreciably less. It therefore seems reasonable to conclude that in the 
present studies the contribution to the glycogen of fragments smaller than 
the hexose chain is greater than the 15 to 25 per cent indicated by the 
isotope recoveries. The experiments of Boxer and Stetten (17, 18), who 
studied this same question by determining the amount of D.O from the 
body water enriched with deuterium that was incorporated into the liver 
glycogen when glucose or lactate was fed to fasted and well nourished 
rats, lead to the same conclusion. 

The amount of administered isotope recovered in the liver glycogen 
after the injection of 1-C'-glucose was 8.8 per cent in Experiment 1 and 
10.3 per cent in Experiment 2 (Table II). An average recovery of 5.8 
per cent was found in the carcass glycogen. Here again, the isotope recov- 
eries do not accurately indicate the amount of glycogen derived from the 
administered sugar (C“ + C!), because the C™-glucose was injected in- 
traperitoneally, while the relatively large amount of C!?-glucose was admin- 
istered orally. The non-isotopic sugar would go directly to the liver by 
way of the portal circulation, while the C™ sugar could enter the systemic 
and portal circulations simultaneously. Therefore, the degree of mixing 
of the two is uncertain. The amount of glycogen derived from the ad- 
ministered sugar is probably greater, therefore, than is indicated by the is- 
otope recovery figures. As noted previously, the experiments were car- 
ried out in this manner to make them comparable to the experiments with 
1-C™-mannose, which is very slowly absorbed from the intestine. 

In general, the same over-all picture is presented by the data in both the 
glucose and mannose experiments. The main conclusion that can be drawn 
from these observations is that there is probably a direct conversion of 
mannose to glucose or some phosphorylated derivative without prior frag- 
mentation of the mannose molecule. The results of Stetten and Klein (19) 
who studied the incorporation of deuterium from body water enriched 
with D.O, after feeding mannose and glucose to fasted rats, may be simi- 
larly interpreted. 

Since the per cent recovery of administered C"™ in the glycogen was the 
same in the 1-C'-glucose and 1-C'™-mannose experiments (Table IT), it 
appears that mannose is as glycogenic as glucose under the conditions of 
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the present experiments. This is in agreement with Bailey and Roe (2) 
who found that, when difficulties due to the slow absorption of mannose 
were removed, it gave as high yields of glycogen as did glucose. If the 
slow absorption plus the low renal threshold of mannose is considered in 
the work of Deuel et al. (3), their data appear to point to the same con- 
clusion. Also, in Table III, which gives data on respiratory COz2 for the 
1-C'-glucose and 1-C'-mannose experiments, it will be seen that the per 
cent recovery of the administered C" in the respiratory CO: is of the same 
order of magnitude with both sugars, indicating that the two sugars are 
metabolized to COz at about the same rate. 

In both the mannose and glucose experiments, the carcass glycogen 


TABLE III 
Data on Respiratory CO:z of Rats 
mM Specific activity* Ber cont 
E 
Ist hr. | 2nd hr. 3rd hr. | 4th hr. | 3rd hr. 4th hr. in COz 
1-C'-Glucose.... 1 8.20 8.81 8.96 | 30 94 | 133 197 24.3 
2 9.59 9.36 8.89 9.20 | 35 78 140 162 23.4 
1-C'Mannose.... 1 9.62 9.52 8.40/17) 99 16.8 
2 17.86¢ 8.40 | 8.32 7.20 | 12 | 64 91 | 107 17.2 
3 | 8.27 | 8.72 | 8.87 | 7.47 | 23 | 84| 99/127 | 20.4 


* See Table II. 

t This sample was contaminated inadvertently with extraneous CO,. Although 
this leads to a fictitiously low specific activity, it does not affect the calculated 
isotope recovery. 


was found to have a specific activity about one-half of that found in the 
liver glycogen (Table II). However, liver glycogen is almost depleted 
in a 24 hour fast, while a substantial amount of the muscle glycogen re- 
mains intact. Therefore, it is to be expected that any labeled glycogen 
deposited in the muscle during the experimental period will undergo 
considerable dilution. The per cent of administered isotope recovered as 
carcass glycogen was also about one-half as much as that in the liver 
glycogen, although these values may actually be somewhat higher owing 
to incomplete recovery of the carcass glycogen during the isolation. The 
fact that the relative distribution of the label in the carbons of the glycogen 
was approximately the same for muscle and liver indicates that similar 
pathways are operative. 

It is of interest in connection with the mannose experiments that Topper 
and Stetten (20) have recently reported studies on the conversion of 1-C"- 
galactose to liver glycogen. The isotope distribution pattern in the liver 


gl; 
| in 
mi 
p 
to 
al 
by 
T 
al 
gl 
T 
t 
p 
t 
t 
c 


M. COOK AND V. LORBER 7 


glycogen was practically identical with that observed in the present work, 
indicating a direct conversion of galactose to glucose. As in the case of 
mannose (21), an enzyme capable of interconverting glucose and galactose 
phosphates has been described (22). 


SUMMARY 


The epimeric sugars, 1-C'*-mannose and 1-C™-glucose, were administered 
to fasted rats. The intraperitoneal route was selected because of the poor 
absorption of mannose from the intestine. Non-isotopic glucose was given 
by stomach tube in both experiments to enhance glycogen formation. 
The resulting liver and muscle glycogen was isolated, hydrolyzed to glucose, 
and the isotope distribution in the hexose chain determined. In both the 
glucose and mannose experiments, in muscle as well as liver glycogen, 80 
to 90 per cent of the activity isolated in the glycogen resided in carbon 1. 
The balance of the activity was distributed more or less uniformly among 
the remaining carbons of the hexose chain. The specific activity and the 
per cent of fed activity recovered in the glycogen as well as in the respira- 
tory CO» were very similar for both glucose and mannose. It is concluded 
that a direct conversion of mannose to glucose, not involving carbon chain 
cleavage, occurs In mammalian tissue. 
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ENZYME ACTIVITY AND BACTERIOPHAGE INFECTION 
II. ACTIVITIES BEFORE AND AFTER VIRUS INFECTION 


By ARTHUR B. PARDEE anp RALPH E. KUNKEE 


(From the Virus Laboratory, University of California, Berkeley, California) 
(Received for publication, May 5, 1952) 


In studying the mechanism of bacteriophage infection, changes in the 
various enzyme activities of the bacteria during lysis are of interest. Any 
definite variations in activities might provide an insight to processes oc- 
curring during virus multiplication. In this paper are presented studies 
of activities before and after virus infection of nine bacterial enzymes: 
apyrase, pyruvic oxidase, formic dehydrogenase, serine deaminase, ribo- 
nuclease, desoxyribonuclease, two proteases, and catalase. 

The choice of enzymes to be assayed in the lysates was designed to 
give a broad scope to the survey. Restriction of the study to several 
enzymes all of one ‘‘classification,”’ for example, enzymes of carbohydrate 
metabolism, would produce little information if the results showed no 
deviation of these activities from the normal. If a broad variety of en- 
zymes is studied and the results show no deviation due to infection, they 
indicate little change in many types of metabolism. Still, this does not 
mean that there are no enzymatic disturbances during infection, but may 
only mean that the survey was not large enough. 

The literature contains no surveys of enzyme activities of bacteria 
lyzed by bacteriophage, probably because of the difficulty of preparing 
lysates which show any enzymatic activity. Sevag et al. (1) remark that 
‘no clear-cut evidence of metabolic activity of either purified phage prep- 
arations or concentrated lyzates has as yet been demonstrated.” Cohen 
in a review (2) cites high activities of protease and desoxyribonuclease 
found in Escherichia coli lyzed by T.rt+ bacteriophage, but no details are 
given. 

In order to obtain lysates with demonstrable enzyme activity, it is 
necessary to make a much more concentrated preparation than is normally 
used in bacteriophage work. Therefore, a preliminary problem is to 
develop a method of preparation of concentrated lysates and yet avoid, 
as far as possible, inactivation of enzymes and dilution or destruction of 
cofactors. 

Interpretation of the enzyme activities of lysates depends upon com- 
parison with activities of extracts produced by other means. Lominski 
(3) and Kagan (4) were able to show catalase activity in bacterial lysates, 
but neither of these workers compared the activities with catalase activ- 
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ities of cells broken by other means. Preliminary experiments showed 
that breakage by sonic vibration and by grinding with alumina (aluminum 
oxide) were the most promising on the basis of cell-free protein released. 
Comparisons of the protein contents and activities of the various enzymes 
in the whole cell suspensions to the activities in the extracts give informa- 
tion as to the effectiveness of the methods for releasing enzymes and pro- 
vide information regarding the effect of cell rupture on apparent enzyme 
activity. 

Since well defined methods of analysis were not available for most of 
the enzymes, assays were developed to the point at which linearity was 
obtained between activity and amount of extract. In most cases com- 
plete studies of optimal conditions were not pursued. Also, infected cells 
were assayed at only one stage rather than throughout the course of in- 
fection; hence, the present work is in the nature of a broad survey rather 
than an intensive search for a small change at some time during infection. 
The results should be considered only semiquantitative for the above rea- 
sons. 


Methods 


Culture—E. coli (strain B) was grown on glycerol, Casamino acids,! 
and salts, with strong aeration, as described in the previous paper (5). 
Cells were harvested in the late log phase (about 3 X 10° cells per ml.) 
of growth. 

Cell Extracts and Efficiency of Extractoon—A preliminary survey was 
made of six methods of breaking bacterial cells. The criteria used were 
protein released from cells and, in some cases, enzyme activity. The 
two methods selected were sonic vibration and grinding with alumina. 
For reasons to be given, the best comparison of infected and uninfected 
cells is considered to result from comparing lysate and alumina-ground 
preparations. 

The sonic extract was obtained by treating a suspension of the cells in 
distilled water in a Raytheon 9 KC sonicator for 5 minutes. The alu- 
mina-ground extract was prepared by the technique of McIlwain (6). Ex- 
tracts or bacteriophage lysates were centrifuged for 5 minutes at 3000 
xX g to remove cell débris and unbroken cells. The sonic extract con- 
sistently gave a high percentage of protein in solution, usually 90 per cent 
or more. The alumina extract normally contained about 75 per cent of 
the protein. The other methods tried and the percentage of protein 
brought into solution were ultrasonic vibration (45 to 65 per cent) (7), 
N-O burst (20 to 30 per cent) (8), drying zn vacuo and extraction (15 to 
25 per cent) (9), and grinding with sodium desoxycholate (50 to 60 per 


‘ An acid hydrolysate of casein obtained from the Difco Laboratories, Inc. 
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cent). The last method has not been previously described. Cells were 
suspended in buffer at pH 8 or higher and centrifuged, and the wet paste 
was ground in a mortar for 2 minutes with an equal volume of 10 per cent 
sodium desoxycholate. The preparation was suspended in water or buffer 
and centrifuged to remove débris. The activities of formic dehydrogenase 
and serine deaminase were about 10 to 20 per cent that of whole cells. 
Apyrase was not destroyed but was found entirely in the cell débris. 5 
minute exposure of T; bacteriophage to | per cent sodium desoxycholate 
did not alter the number of plaques produced. 

Lysate—The first technique developed was to infect the bacteria by 
addition of T; bacteriophage, in approximately 3-fold excess, to E. coli 
in the late log phase (3 X 10° cells per ml.) and to aerate strongly at 38° 
for 10 minutes (approximately 20 minutes are required for lysis). The 
infected but not yet lyzed cells were then concentrated by centrifugation 
for 3 minutes at 3000 * g and were resuspended in one-tenth the original 
volume of 0.2 per cent Casamino acids. Additional aeration and incuba- 
tion for 30 minutes produced a concentrated lysate in which high en- 
zymatic activity could be demonstrated. Lysis was observed by measur- 
ing the fall of turbidity in a Klett-Summerson colorimeter, with a red 
filter (No. 66). In some cases this long period of aeration after lysis 
began was detrimental to the enzyme under study and therefore a modified 
technique requiring shorter aeration after concentration of the infected 
cells was sought. It was found that if preliminary aeration was carried 
out for 12 to 13 minutes only 4 to 6 minutes of subsequent aeration were 
required for lysis. This technique was more satisfactory in that a greater 
amount of cell-free protein resulted (50 to 75 per cent of the total protein 
was released as compared with 35 to 50 per cent of the total protein with 
the former technique), and that there was less damage to the enzymes. 
However, this cannot be considered a true bacteriophage lysis, since only 
a small number of viable viruses (less than one virus per cell) are produced. 
The same degree of lysis, and a low yield of bacteriophage were obtained 
upon resuspending the infected cells in either the complete synthetic 
medium used for growing the bacteria or in 0.2 per cent Casamino acids. 

Bacteriophage Count—The concentration of viable bacteriophage was 
measured by the plaque counting method (10). 

Protein—Protein concentration was determined by the biuret method 


(11). 
Results 


Results of assays are expressed as activity per mg. of protein in the 
extract. They are, therefore, essentially assays for enzymes in the cyto- 
plasm rather than in the débris of the cell. The effects of incomplete 
breakage and of inclusion of débris in the extract will be discussed later 


5 
‘ 
« 
t 


12 ENZYME ACTIVITY AND VIRUS INFECTION 


in this paper. Assays were performed on the lysate débris, as well as on 
the lysate supernatant fluid. 

The values given in Tables I to VIII are the averages of duplicate or 
triplicate determinations. The various vertical columns correspond to 
different harvests of bacteria. Unless otherwise indicated, all reactions 
were carried out at 38°. 

Apyrase—The assay for apyrase activity was performed under the 
optimal conditions described in the previous paper (5). Apyrase acts 
by dephosphorylating adenosinetriphosphate (ATP) and its activity is 
determined by measuring the amount of inorganic phosphate produced 
from ATP. The reaction mixture contained 0.8 ml. of 0.05 m sodium 
barbital, pH 8.1, 0.2 ml. of 0.007 m MgCl, 0.4 ml. of 0.018 m ATP (Sigma 
Chemical Company), and 0.2 to 0.4 ml. of 10 per cent (wet weight) bac- 
terial extract. The mixture was incubated and 0.3 ml. aliquots of the 
total of 1.8 ml. were removed and the proteins precipitated with 0.02 
ml. of 65 per cent trichloroacetic acid (TCA) at 0, 10, 20, 40, and 60 min- 
utes. The amount of inorganic phosphate in the supernatant liquid ob- 
tained after removing the denatured protein was determined colorimetri- 
cally with Fiske-Subbarow reagent ((9) p. 190) in the colorimeter with a 
red (No. 66) filter. Arbitrary units were taken as reciprocal of the time 
(100/minutes) to produce inorganic phosphate sufficient to give a Klett 
reading of 150. The activity thus expressed was found to be proportional 
to the concentration of enzyme. The results are given in Table I. The 
lower activity of apyrase in the whole cells has been attributed to a low 
permeability of the intact cells to ATP (5). The activities in the extracts 
and lysate are all of a comparable level, but the activity in the sonic ex- 
tract is always somewhat higher than the others, as is that of the lysate 
débris (see ‘“‘Discussion’’). 

Ribonuclease—Ruibonuclease was determined by measuring the 
optical density of the products of degradation of ribose nucleic acid (RNA) 
in a model DU Beckman spectrophotometer at 260 mu. The RNA was 
freshly prepared by the method of Zittle and Reading (12) from com- 
mercial RNA (Nutritional Biochemicals Corporation). Test-tubes con- 
taining 0.1 ml. of 7 per cent RNA, 0.1 ml. of 1.0 m sodium phosphate, pH 
7.5, 0.05 to 0.2 ml. of 10 per cent bacterial extract, and water to give a 
final volume of 1.0 ml. were incubated for 1 hour. The reaction was 
stopped by precipitating the protein and unhydrolyzed RNA with 1.0 
ml. of 0.6 N HCl. After centrifugation, 0.05 ml. of the supernatant fluid 
was diluted with 3.0 ml. of water and the optical density measured. This 
procedure showed good linearity between the activity (after subtraction 
of the value at zero time) and the concentration of bacterial extract. This 
blank value was about one-sixth the optical density of the “complete 
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hydrolysate” of the nucleic acid obtained by treatment with HCl in a 
boiling water bath. Boiled extract gave a negligible increase in hydroly- 
sis products over the blank. Apparently high ionic strength of the re- 
action mixture is of great importance, since negligible activity was observed 
in absence of added salts. A similar effect has been found with animal 


TABLE 

A pyrase 

The experiments were performed as described in the text. Units of activity are 

equal to 100/minutes to produce inorganic phosphate sufficient to give a Klett 
reading of 150 with Fiske-Subbarow reagent. 


Activity per mg. protein 


| Experiment 1 Experiment II Experiment III 
3.3 3.0 3.1 
SS 3.9 4.5 6.3 
% protein made soluble........... | (35) (54) 
| 1.3 1.0 | 1.4 
TABLE II 
Ribonuclease 


The experiments were carried out as described in the text. Activity is increase 
in optical density at 260 my after 60 minutes incubation. 


Activity per mg. protein 


Preparation | 


Experiment I Experiment II | Experiment III 
Alumina extract................... 6.5 9.2 8.3 
| 5.1 | 6.2 | 5.8 
| 6.0 | 9.2 | 8.3 
% protein made soluble........... | (59) | (55) (34) 


1.5 | 0.8 0.5 


ribonuclease (13). The results are given in Table II. They show com- 
parable activities in the alumina and lysate preparations, with lower ac- 
tivities in the sonic extract, intact cell suspension, and lysate débris. The 
lower activity of the whole cells is probably due to low permeability of 
the cell to the substrate of large molecular weight. 
Desoxyribonuclease—Tubes containing 0.2 ml. of 0.3 mM 2-amino-2-hy- 
droxymethyl-1 ,3-propanediol buffer, pH 8.0, 0.2 ml. of 0.15 m MgCh, 
0.2 ml. of 0.3 per cent highly polymerized desoxyribonucleate (DNA), 
prepared by the method of Schwander and Signer (14), 0.1 to 0.4 ml. of 


: 
n 
| 
| | 
i 
‘ 
— = = = 


14 ENZYME ACTIVITY AND VIRUS INFECTION 


0.5 per cent extract or 2 per cent suspension of whole cells, and water to 
make 1.0 ml. were incubated for 6 hours. Then 0.5 ml. of 0.17 Mo tri- 
sodium citrate, at pH 4.6, and 2.5 ml. of 95 per cent ethanol were added. 
Tubes were mixed, covered, and allowed to remain at room temperature 
for 12 to 24 hours to precipitate unhydrolyzed DNA and protein. After 
centrifuging, the optical densities of the supernatants were measured at 
260 my on the spectrophotometer. Controls were run minus DNA and 
minus extract. The density of the sample minus the density of the con- 
trol (without DNA), corrected for hydrolysis of DNA without enzyme, 
was taken as the activity of the preparation. | 

Two difficulties which arose in this assay should be mentioned. First, 


TABLeE III 
Desoxyribonuclease 


The experiments were carried out as described in the text. The units of activity 
are given as increase of optical density (corrected for blanks) at 260 mu after 6 hours 
incubation. 


Activity per mg. protein 


Preparation 
| Experiment I* Experiment II* | Experiment III Experiment IV 

Alumina extract............... | 2.1 3.0 5.5 5.7 
| 2.5 | 3.0 5.6 

% protein made soluble........ (48) 


ER, 0.1 0.1 | 0.3 


* Mg*tt was 0.1 m rather than optimal (0.03 o). 
+t Prepared by grinding cells infected for 16 minutes with alumina. 


the completeness of precipitation of DNA depends on pH, salt, metal 
ions, time, and alcohol concentration. Use of a relatively high concen- 
tration of bacterial extract can lead to a very large blank value; therefore, 
small amounts of extract and relatively long times are used. Both Mgt* 
and Mn** increase activity. The latter appears to be more effective at 
low concentrations; however, since precipitation of MnO, interferes with 
analyses, Mg** was used. The results (Table III) indicate that desoxy- 
ribonucleases of sonic, alumina, and lysate débris are similar, while that 
of whole cells is very low. The lysate of the third experiment appears 
to be considerably higher, and other lysates are somewhat higher also. 
Further work is in progress on this point. 

Pyruvic Oxidase—The method of determination of pyruvic oxidase ac- 
tivity developed by Stumpf on Proteus vulgaris (15) depends on the ob- 
servation of oxygen uptake by means of the Warburg apparatus. Pre- 
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liminary experiments showed that, as with P. vulgaris, E. coli extracts 
required no addition of inorganic phosphate or bivalent metal ions under 
these conditions, and addition of cocarboxylase was required to give maxi- 
mal activity. 

Difficulty was experienced in that the linearity between activity and 
amount of bacterial extract could only be demonstrated with large a- 
mounts of extract. Apparently there is a dilution of important cofactors 
after disruption of the cells. This is borne out by the loss of 90 per cent 
of the activity of the intact cells in the cell-free extract (Table IV). Ad- 
dition of excess cocarboxylase and of Mn** could not correct this. Re- 
placement of Mn++ with Mgt* had no enhancing effect, and neither did 


TABLE IV 
Pyruvic Oxidase 


The experiments were performed in the Warburg apparatus as described in the 
text. Units of activity are given as microliters of oxygen uptake per 20 minutes. 


Activity per mg. protein 


Preparation 


| Experiment I | Experiment 11 Experiment | Experiment 
| 3.7 7.2 8.1 
Lysate and duration of aeration* ..| 1.7 (25)*| 0.8 (25)* 1.3 (8)* 3.5 (4)* 
% protein made soluble............ (41) (43) (65) (77) 


* Duration (in minutes) of aeration of infected cells after resuspension (see 
the text). 


addition of cytochrome c. All assays were carried out with amounts of 
bacterial extract in the range in which linearity could be demonstrated. 

To the main cup of the Warburg flask was added 0.5 ml. of a solution 
containing 0.25 mM sodium phosphate, pH 6.0, 0.0125 per cent cocarboxyl- 
ase, 0.02 per cent MnSQO,, and 0.1 m lithium pyruvate. Then 0.2 to 0.7 
ml. of 20 per cent bacterial extract and water to make a final volume of 
1.5 ml. were added. In the center well was placed 0.2 ml. of 2 nN KOH. 

The assays showed a very low uptake of oxygen in the flasks containing 
the bacteriophage lysates. A control was devised to determine whether 
this loss of activity was a real destruction of the enzyme resulting from 
the infection of the bacteria by the virus, or whether it was an artifact 
due to the denaturation of enzymes or destruction of cofactors by incuba- 
tion and aeration following their release to the medium. This control 
was made by aeration of a sonic extract for 25 minutes at 38° in 0.2 per 
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cent Casamino acids to control any effect due to this medium. The aer- 
ated extract was found to have about one-third less activity than before 
aeration (Table IV). At this point in the research the quicker method 
of lysis as explained under ‘‘Methods” was developed to overcome this 
destruction of activity. The results (Table IV) show, generally, a greater 
activity in lysates having shorter aeration periods. In spite of the effort 
to prevent artificial destruction of activity in the lysate, there was still a 
much higher (3 times) activity in the alumina and sonic extracts than in the 
lysate. However, because of the lability of the system, it would be diffi- 
cult to attribute this loss of activity solely to processes occurring during 
virus multiplication. 

The nearly 10-fold excess of activity of the intact cells as compared to 
the extracts is noteworthy. Since sufficient amounts of extract were used 
to give linearity between extract and activity, the loss of activity upon 
cell rupture is probably not caused by dilution of cofactors. A possible 
explanation is that other oxidative reactions of pyruvate or the products 
of its oxidation occur only in intact cells. 

Formic Dehydrogenase—The Thunberg technique was used to determine 
formic dehydrogenase (16). Each tube contained 1.0 ml. of 0.5 m potas- 
sium phosphate, pH 6.0, 2.0 ml. of 0.05 m ammonium formate, 0.5 ml. of 
0.1 per cent sodium 2,6-dichlorobenzenoneindophenol, up to 1.5 ml. of 
10 per cent bacterial extract or 3 per cent whole cells in the top part, and 
water to total 7.0 ml. After evacuation and 5 minutes incubation, the 
tubes were mixed and the time required to reduce the color to that of a 
control containing one-tenth as much dye was measured. There was 
essentially no reaction in the absence of formate under these conditions. 
The reciprocal of time (between 3 and 20 minutes) was proportional to 
the amount of extract. Enzyme activity was taken as 100/minutes. 

The results (Table V) indicate higher activity in whole cells and in 
lysate débris than in extracts. The lysate supernatant is about equal in 
activity to the sonic extract and the alumina extract is slightly lower. 

Serine Deaminase—Serine deaminase catalyzes the non-oxidative de- 
amination and rearrangement of serine to pyruvate and ammonia (17). 
The reaction mixture contained 0.1 ml. of 0.01 m MgSO,, 0.1 ml. of 0.1 
M Di-serine, 0.2 ml. of 0.1 M potassium phosphate, pH 7.5, 0.1 ml. of 0.05 
M sodium formate, 0.1 to 0.5 ml. of 3 per cent suspension of whole cells or 
10 per cent extract, and water to make 1.0 ml. total volume. Reactions 
were carried out aerobically. At zero time and after 5 minutes 5.0 ml. 
of 7 per cent TCA were added to two samples and protein was removed. 
Analyses were made for ammonia by the Conway method ((9) p. 157) 
and for pyruvate by the method of Friedemann and Haugen (18). Am- 
monia was equal to pyruvate in the range studied when extracts or lysate 
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was used, but very little pyruvate was produced by whole cells as com- 
pared to ammonia, presumably because the cells oxidize pyruvate further. 
Therefore, ammonia production was used as a measure of activity in whole 
cells. Activity was proportional to amount of extract. 


TABLE V 
Formic Dehydrogenase 
The experiments were performed as described in the text. Units of activity are 
given as 100/minutes to reduce the color of 2,6-dichlorobenzenoneindophenol to 
that of a control of one- -tenth the concentration. 


Activity per mg. protein 


Preparation 
Experiment I Experiment Ir | Experiment ut 

Alumina extract.................. 4.8 | 8.1 10.2 
8.6 | 9.1 11.5 

| 20 15.1 24.4 
% protein made soluble........... (38) | (54) (41) 
| 11.4 | 15.0 | 21.7 

TaBLe VI 


Serine Deaminase 


The experiments were performed as described in the text. Units of activity are 
given as micromoles of ammonia or py ruvate produced during 5 minutes incubation. 


z Activity per mg. protein 


Experiment Experiment Experiment Rupesiment 
I | apes | IV | V 
Alumina extract........ 1.35 1.38 | 1.31 i 1.58 
Sonic extract........... | 1.35 1.42 1.23 1.26 
Lysate and duration of | 
aeration............. | 0.1 (30)* 0.1 (30)* 0.2 (30)* 0.24 (8)*) 0.82 (4)* 
Lysate débris..........| 0.6 0.2 0.4 | 0.44 
% protein made soluble. (41) (65) (77) 
Whole cells............ | 


1.40 


-- —— 


* Minutes. 


The results (Table VI) indicate that whole cells and sonic and alumina 
extracts are of equal activities and that a lysate aerated for 4 minutes is 
about 60 per cent as active. Lysates aerated for longer times are much 
less active. It was found that serine deaminase activity, like pyruvic 
oxidase, was destroyed by aeration at 38°. For example, aeration of a 
sonic extract for 30 minutes reduced the activity to 20 per cent of the 
initial value. Therefore, lysates which were aerated a minimum of 4 


be 
4 
| 


18 ENZYME ACTIVITY AND VIRUS INFECTION 


minutes were partly inactivated and it is not possible to compare them 
closely with other extracts. 

Catalase—While the procedure of Bonnichsen et al. (19) is well suited 
for relatively pure preparations of catalase, several modifications were 
found necessary to make this assay suitable for measuring activity in 
crude extracts. The difficulties of working in the presence of the crude 
extract material include non-specific reduction of the permanganate solu- 
tion and obscurity of the end-point because of turbidity. In addition, it 
was desirable to replace the cumbersome titrimetric technique with an 
easier colorimetric one. 

As suggested by Sumner’s modification of the method of Jolles (20), 
the procedure here developed is based on the colorimetric measurement of 
the iodine produced by oxidation of iodide by the residual H,O.. Deter- 
mination of the absorption curve of iodine with the spectrophotometer 
showed a peak at about 351 my. Excellent linearity was demonstrated 
between the amount of HO, and optical density at this wave-length of 
iodine formed upon addition of excess KI in 1 per cent TCA solution. 

The final procedure gives a simple assay that is satisfactory for deter- 
minations on crude extracts. The procedure used was as follows: To 
0.01 m sodium phosphate buffer (pH 7.0) in a beaker was added at room 
temperature 0.2 to 0.5 ml. of 20 per cent bacterial extract to give a total 
volume of 7.0 ml. For blanks, two aliquots of 0.1 ml. were pipetted into 
test-tubes containing 1.0 ml. of 5 per cent TCA. To the reaction mix- 
ture, 0.2 ml. of HO, solution (0.875 ml. of Superoxol (30 per cent H»O,) 
per 100 ml.?) was rapidly added with mixing. Aliquots of 0.1 ml. were 
removed from the reaction mixture with a pipette and added to test-tubes 
containing 1.0 ml. of 5 per cent TCA to stop the reaction at 15, 30, 45, and 
60 seconds. After centrifugation of the tubes, 3.0 ml. of 5 per cent KI 
were added to 0.5 ml. of the supernatant fluid. A drop of 0.01 per cent 
ammonium molybdate was added to each tube and the optical densities 
were read at 351 my with a model B or model DU Beckman spectropho- 
tometer. It was found that the color development was complete in 6 min- 
utes and was fairly stable for at least an hour. All measurements of 
optical density were made after about 20 minutes. 

_ A transposition of the first order equation to give 
log x = log x — ond 
2.3 
shows that a plot of the logarithm of the optical density of the solutions 
(x) against the time in seconds (¢’) should give a straight line with a slope 


2 This gives a final concentrativu of 2.2 mm of H,0: in the reaction mixture, about 
one-half the concentration used in the rapid titration method (19). 
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of —k,e/2.3 (k, is the first order rate constant and e is molar concentration 
of catalase) and an extrapolated intercept at zero time equal to log 2», 
where 2 is the initial optical density. Experimental demonstration of 
this straight line relationship indicated that the reaction was, in fact, first 
order; thus there was only negligible inactivation of the enzyme by the 
substrate under these conditions. Since kh; has not been measured for 
E. coli catalase, the units of activity are defined as kye. The amounts of 
extract used were adjusted to give a half time of about 30 to 60 seconds. 
Linearity between units of activity and amount of extract could be demon- 
strated in this region. 

Assuming the value of k; = 5.3 & 107 m~ sec.~' as given by Chance and 
Herbert (21) for bacterial catalase (Wicrococcus lysodeikticus), the con- 


TaBLe VII 
Catalase 
The experiments were performed as described in the text. Units of activity 
are given as ke X 10° sec.~'. 


Activity per mg. protein 


Experiment | Experiment II Experiment Ili Experiment IV 

Alumina extract............... | 4.0 4.1 3.8 | 4.9 

% protein made soluble........ | (78) | (36) (48) | 
4 3.8 


centration of catalase in the reaction mixture can be calculated. An aver- 
age activity for 5 mg. of protein in 7.0 ml. of reaction mixture is 0.015 
unit. Thus the concentration of the bacterial catalase in the reaction 
mixture is about 3 X 10-" m or 0.01 per cent of the bacterial protein. 

The results are given in Table VII. The activity of the extracts is 
approximately the same as that of the whole cells, but the activity of the 
lysate is somewhat higher than the extracts in three out of four cases. 
This is in agreement with the work of Kagan (4), and Klein and Shur- 
Shul’ts (22), who found an increase of catalase in whole cell suspensions of 
staphylococci and Aerobacter aerogenes infected by bacteriophage. How- 
ever, it is difficult to compare their work with that presented here since 
their experimental details and data are not given. 

Proteases—It was discovered that two proteases were present in E. colt, 
one most active at pH 7.8, the other at pH 5.5. This was shown by the 
fact that the addition of CaCl., NaCN, or sodium pyrophosphate to re- 
action mixtures caused inhibition of the alkaline protease activity more 
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strongly than the acid protease, and heat inactivation experiments showed 
that the acid protease was destroyed in 5 minutes at 55°, whereas the al- 
kaline protease was not destroyed until it was subjected to 65°. 

The reaction mixtures, containing extract under the optimal conditions 
established during preliminary experiments, were prepared in duplicate. 
They contained 0.7 ml. of either 0.3 mM 2-amino-2-hydroxymethyl-1 ,3- 
propanediol buffer, pH 7.8, or 0.3 m sodium acetate, pH 5.5, 0.4 ml. of 
bacterial extract, 2 to 10 per cent concentration, and 0.3 ml. of other 
additions or water, making a total volume of 1.4 ml. <A control in which 
boiled extract was substituted for fresh extract showed no activity. The 
addition of protein as substrate was found to be unnecessary because of 


TaBLe VIII 
Proteases 


The experiments were performed as deseribed in the text. Units are given as 
increase in Klett reading (with Folin reagent) after 24 hours incubation. 


Alkaline protease | Acid protease 
Preparation | Activity per mg. protein 
| Experiment | Experiment Experiment ‘Experiment |Experiment 
Alumina extract................... 64 7 | 65 65 | 68 
% protein made soluble.......... (78) (36) (48) | (36) (48) 
66 


the large amount of protein in the crude preparations. Aliquots of 0.5 
ml. were taken from the reaction mixture at zero time and after 24 hours 
incubation. The aliquots were pipetted into test-tubes containing 0.8 
ml. of 5 per cent TCA. The tubes were allowed to remain for at least 
1 hour at 4° to assure maximal precipitation of protein. The super- 
natants, after centrifugation, were analyzed for products of proteolytic 
enzyme activity by the method of Lowry et al. (23) in the colorimeter 
with a red filter. 

i To prove that proteolytic activity rather than nuclease activity was 
being assayed, nitrogen and phosphorus determinations were made on 
aliquots of representative TCA supernatants. After 24 hours incubation 
the supernatants contained a 2-fold increase in nitrogen, while the amount 
of phosphorus was negligible. As a further check, ninhydrin reactions 
(24) were run on aliquots of the TCA supernatant fluid, and on comparable 
solutions of RNA, DNA, and arginine. The optical density of the nin- 
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hydrin containing the TCA supernatant was almost identical with the 
one containing arginine, whereas the optical density of the ninhydrin color 
of RNA and DNA was only 3 per cent as high. 

The results of the alkaline and acid protease activities are presented in 
Table VIII. Units are given in increase of Klett reading (corrected for 
blank) after 24 hours incubation. Both proteases have the same activity 
in the lysates as in the extracts and the whole cells. 


DISCUSSION 


As has been stated previously, the lysate preparations are considered 
extracts of cells in a late stage of infection (14 to 16 minutes) which differ 
from true bacteriophage lysates in not producing active virus. It is pos- 
sible that the much weakened cell membranes are disrupted by resuspend- 
ing the infected cells and subsequent aeration. This premature lysis 
would result in the release of prophages rather than mature viruses. Ac- 
cording to the results obtained by Anderson and Doermann, one would 
expect few viruses at this stage of infection (25). 

Interpretation of specific enzyme activity (activity per mg. of protein) 
of the preparations is complicated by different degrees of breakage of 
cells by the various treatments. These treatments result in protein in 
three forms: in unbroken cells, soluble cytoplasmic protein (about 70 per 
cent of the cellular protein (7, 26)), and the structural material such as 
the cellular membrane. Unbroken cells are removed from the extract by 
centrifugation and hence do not affect the specific activity, but the amount 
of structural material which remains in the supernatant fluid depends 
upon the type of treatment. It is evident that any differences in specific 
activity between the cytoplasmic protein and the structural material will 
alter the specific activity of the preparation to the extent that the struc- 
tural material is present. ‘The measured specific activity may be repre- 
sented by the equation 


cytoplasmic enzyme + structural enzyme 
cytoplasmic protein + structural protein 


Specific activity = 


In cases in which the protein of the structural material is nearly enzy- 
mically inert, the deviation of the measured specific activity from the 
true cytoplasmic specific activity will not be great and both the numerator 
and denominator will increase slightly (error <30 per cent). Thus, most 
enzymatic activities are similar in sonic and alumina preparations. How- 
ever, in the case in which the structural protein possesses greater specific 
activity than the cytoplasmic protein, the error could be great because of 
a large increase in the total activity with only a small increase in the total 
protein. In this instance, the specific activity would be greatest in the 
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extracts with the largest amount of structural protein made soluble. An 
example is seen in the apyrase experiments. It is evident from the data 
that the apyrase activity is associated to a considerable extent with the 
structural material (also shown to be the case in yeast (27)). The sonic 
extract, which contained considerable structural material, had a greater 
specific activity than the alumina extract and the specific activity of the 
sonic extract increased with increased percentage of protein made soluble 
(presumably having more structural material in solution) (Table I). The 
débris of the bacteriophage lysate shows the highest specific apyrase ac- 
tivity. The case is different with formic dehydrogenase, which has also 
previously been shown to be insoluble (28). In the present experiments 
one must assume a slight increase in formic dehydrogenase activity of the 
lysate to explain the similar activities of sonic and lysate preparations. 
Thus, specific activities of sonic extracts may not be a measure of actual 
cytoplasmic activity, because of inclusion of structural material. Com- 
parison of lysates with preparations made by grinding with alumina is 
preferable. It is suggested that the best test would be to assay uncentri- 
fuged, well broken sonic extracts. 

The nature of the material in the lysate débris is not altogether clear. 
The appearance of 30 to 60 per cent of the protein in the lysate débris 
would indicate that intact cells are included with the structural material. 
However, the activity of pyruvic oxidase in intact uninfected cells was 
shown to be 10 times higher than the activity of the extracts and yet the 
lysate débris had an activity lower than the extracts. This might be 
explained by a decrease in activity of unbroken infected cells. Also, the 
desoxyribonuclease activity of lysate débris indicates either a high activity 
of the débris or increased permeability of the cells to DNA. 

The general results of this survey. show that enzymatic activities can 
certainly be demonstrated in bacteriophage lysates, and that, in the case 
of the enzymes tested, they are similar to the enzyme activities of ex- 
tracts of normal cells. The production of virus apparently depends largely 
on the normal enzymatic pattern of the bacteria. The possible small vari- 
ations are in pyruvic oxidase and serine deaminase, which may have de- 
creased in activity, and catalase and formic dehydrogenase, which may 
have increased. The decrease of activity of pyruvic oxidase and serine 
dehydrogenase cannot be completely attributed to processes occurring dur- 
ing infection, since it was demonstrated that these enzymes are inact- 
ivated by aeration. 

Sonic and alumina-ground preparations seem equally suitable for en- 
zyme work. It has been suggested that concentrated bacteriophage ly- 
sates might also be suitable ((9) p. 127). Apart from any changes follow- 
ing infection, it would not seem desirable to use lysates because of the 
effort involved and the relatively low concentration of protein resulting. 


| 

| | lo 
aut 
fr 
di 
ac 
re 
W 

p 
de 

d 
tl 
el 
a 
t 
a 
s 


A. B. PARDEE AND R. E. KUNKEE 23 


A comparison of the enzyme activities of extracts and whole cells shows 
considerable differences. There are probably several reasons for this: 
impermeability of the whole cells to the substrate resulting in an apparent 
low activity, higher activity of the whole cells because of additional re- 
actions, and dilution of cofactors and destruction of enzymes resulting 
from disruption of cells. It may be concluded that no accurately pre- 
dictable relation between the activities exists. 

In the first publication of this series (5), a small increase in apyrase 
activity after 13 to 14 minutes of infection, followed by a decrease, was 
reported. In the present experiment no difference in apyrase activity 
was noted between lysate and extract. This apparent contradiction can 
be accounted for by the times of sampling. Other enzymatic activities 
presented here, showing nearly equal activities of the lysate and extract, 
do not preclude small increases or decreases that might have occurred 
during infection. 


We wish to thank Miss Idamae Williams for developing and applying 
the assays for protease activity. 


SUMMARY 


1. A method of preparing concentrated bacteriophage lysates in which 
enzyme activity can be demonstrated is described. This method results 
in practically no virus production. 

2. Assays for enzymes in crude extracts of Escherichia coli are described. 
These assays include apyrase, ribonuclease, desoxyribonuclease, alkaline 
and acid proteases, pyruvic oxidase, formic dehydrogenase, serine de- 
aminase, and catalase. 

3. The above enzyme activities were assayed in extracts prepared by 
sonic oscillation and alumina grinding, in normal cells, and in bacterio- 
phage lysates. In general, no definite deviations were noted; however, 
there were possible decreases in pyruvic oxidase and serine deaminase 
and an increase in catalase. Difficulties of interpretation because of the 
cell structural material present in the preparations and the destruction of 
some labile enzymes are discussed. 
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EVIDENCE FOR INTERMEDIATES IN OVALBUMIN 
SYNTHESIS* 


By DANIEL STEINBERG anv CHRISTIAN B. ANFINSEN 


(From the Section on Cellular Physiology, National Heart Institute, National 
Institutes of Health, United States Public Health Service, Bethesda, 
Maryland) 


(Received for publication, May 19, 1952) 


The process of assembling several hundred amino acid residues to form 
a specific protein molecule can be visualized in two general ways. First, 
in what may be called complete template mechanisms, the component amino 
acids are pictured as combining simultaneously on the surface of a se- 
quence-determining pattern or mold. Second, in stepwise mechanisms, the 
component amino acids are pictured as first forming a series of smaller 
peptide fragments. This is followed by elongation and recombination of 
these fragments until ultimately the complex structure of the protein mole- 
cule is reached. It must be emphasized that these mechanisms are not to 
be considered mutually exclusive; both could conceivably play réles at 
different points in the synthetic pathway. 

With the aid of an isotopically labeled amino acid precursor, it is possible 
to distinguish experimentally between these two hypothetical mechanisms. 
Protein synthesis is allowed to proceed in the presence of a labeled amino 
acid, for example alanine. <A protein molecule synthesized by the complete 
template mechanism will incorporate the labeled alanine residues equally 
into all “alanine” positions along the protein chain and so the specific ac- 
tivities of all the individual alanine residues in the completed protein will 
be identical. 

A protein synthesized by a stepwise mechanism, on the other hand, could 
incorporate the labeled alanine unequally into different positions, leading 
to unequal specific activities in different residues in the completed molecule. 
This non-uniform labeling could arise either because of differences in the 
sizes of the pools of the preformed, unlabeled intermediate compounds or 
because of differences in rate constants if the intermediate steps were revers- 
ible. Should the sizes of the pools of intermediate compounds or the rate 
constants for their synthesis happen to be identical, uniform labeling could 
be observed. Thus the demonstration of uniform labeling would be some- 
what equivocal. The demonstration of non-uniform labeling, on the other 


* Presented in part before the Forty-third annual meeting of the American So- 
ciety for Biological Chemists, New York, April 14-18, 1952 (Federation Proc., 11, 
292 (1952)). 
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hand, would appear to rule out the complete template mechanism and neces- 
sitate the postulation of a mechanism involving intermediate compounds. 

In order to test these alternative hypotheses, it is necessary to have, 
first, a pure protein synthesized in the presence of a labeled amino acid, 
and, second, a method for isolating 1 or more labeled amino acid residues 
from one part of the molecule for comparison with those from other parts. 
In previous communications (1, 2), we have described the preparation of 
crystalline radioactive ovalbumin in vitro. Degradation of this labeled 
protein with the specific enzyme from Bacillus subtilis discovered by Lin- 
derstrgm-Lang and Ottesen (3) removed only 1 to 2 per cent of the mole- 
cule, including a single aspartic acid residue. The specific activity of this 
aspartic acid was compared with the average specific activity of the remain- 
ing aspartic acid residues in ovalbumin. Non-uniform labeling was dem- 
onstrated. 

In the present studies, the approach outlined above has been extended 
to other amino acid residues in ovalbumin and to ovalbumin synthesized 
in vivo. The results, particularly those on pepsin digests, suggest that the 
non-uniform labeling of ovalbumin previously observed is a general phe- 
nomenon for this protein. It is concluded that free amino acids are first 
converted to intermediary compounds, probably peptide in nature, before 
they are incorporated into the structure of the protein. 


Methods 


Preparation and Purification of Labeled Ovalbumin—Ovalbumin labeled 
primarily in the aspartic acid and glutamic acid residues was obtained by 
the incubation 7m vitro of hen oviducts in the presence of C“O». Ovalbu- 
min labeled in the alanine residues was obtained by the addition of 20 to 
40 ue. of alanine-1-C% to the medium. At the end of the incubation pe- 
riod, the tissue was homogenized and ovalbumin was isolated by repeated 
isoelectric crystallization with ammonium sulfate. The labeled protein, 
recrystallized three times, was dialyzed against distilled water until salt- 
free. Details of the incubation procedure, incubation medium, and isola- 
tion procedures have been presented previously (1). Contamination by 
adsorbed radioactive amino acids was ruled out by a series of tests, also 
described previously (2). 

Labeled ovalbumin was prepared in vivo by the intraperitoneal injection 
of NaHCO; into laying hens. Four doses of 1 me. each were given over 
a 16 hour period. At the end of this time, the oviduct was removed and 
ovalbumin was isolated as in the experiments in vitro. 

Partial Degradation of Labeled Ovalbumin with B. subtilis Exoenzyme— 
Linderstrém-Lang and Ottesen (3) have described a remarkable exoenzyme 
of B. subtilis which attacks ovalbumin in a limited and highly specific man- 
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ner. In the course of 1.5 hours incubation, only 1 to 2 per cent of the 
protein nitrogen is removed and over 90 per cent of this can be accounted 
for in the form of the following three peptide fragments: Ala-Ala, Ala-Gly- 
Val-Asp, and [Ala, Ala, Ala, Gly, Val, Asp]' (6). Although the sequence 
for the hexapeptide has not yet been rigorously established, it is assumed 
that it gives rise to the tetrapeptide and the dipeptide either before or 
after being split from the protein molecule. In addition to the four amino 
acids found combined in these peptides, small amounts of glutamic acid, 
serine, and leucine are liberated, presumably by secondary reactions not 
part of the specific reaction whereby ovalbumin is converted to plakal- 
bumin. 

The enzyme preparation,’ an acetone powder obtained from B. subtilis 
incubation medium, was added (1 to 3 mg. per gm.) to salt-free labeled 
ovalbumin previously adjusted to pH 6.4. The reaction was allowed to 
proceed at room temperature for 1.5 to 2 hours and was stopped by the 
addition of trichloroacetic acid (TCA) to a final concentration of 5 per cent. 
The precipitated plakalbumin fraction was washed three times with 5 per 
cent TCA, three times with alcohol-ether (1:1), and once with ether. The 
non-protein supernatant fraction (referred to as NPN fraction), together 
with the TCA washings, was extracted with ether to remove the TCA and 
was then concentrated in vacuo. 

Isolation of Amino Acids—Preparative paper chromatography was used 
to separate the amino acids from HCl hydrolysates of the plakalbumin 
and NPN fractions. 

The amino acid mixtures, adjusted to pH 7, were applied to No. 3 What- 
man filter paper sheets in 35 cm. streaks and were developed by the de- 
scending technique with 80 per cent phenol-water (volume per volume) in 
an insulated chromatographic chamber. A known mixture of amino acids 
was run at each end of the papers and used as a guide in determining the 
location of the desired components. ‘The bands of paper containing these 
components were cut out and eluted by permitting distilled water from a 
trough in a closed chamber to pass over the paper by capillary action. 

Because of the simple amino acid composition of the NPN fraction, a 
single chromatographic run in 80 per cent phenol-water yielded complete 


1 The abbreviations used for the amino acid residues are those proposed by Brand 
and Edsall (4): Ala = alanine, Gly = glycine, Val = valine, Asp = aspartic acid. 
When the amino acid sequence of the peptide is known, the residue abbreviations 
are separated by a hyphen and the sequence is represented from left to right, be- 
ginning with the N terminal residue. When the amino acid sequence is not known, 
the abbreviations for the component residues are separated by commas and the list 
is bracketed (5). 

? Generously given by Dr. K. Linderstr@ém-Lang and Dr. M. Ottesen. 

* Chromatocab, University Apparatus Company, Berkeley, California. 
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separation. In the case of the plakalbumin hydrolysates, the dicarboxylic 
amino acids were first removed by repeated barium-ethanol precipitation 
(7). The aspartic acid and glutamic acid could then be separated from 
one another by a single chromatographic run in 80 per cent phenol-water. 
For the purification of alanine, a preliminary separation in phenol-water 
was followed by a rerun of the eluate from the alanine-containing band in 
80 per cent pyridine-water (volume per volume). Purity of the final ma- 
terial was confirmed by chromatographic comparison with authentic ala- 
nine by using a third solvent mixture (1:1 water-saturated n-butanol-pro- 
pionic acid). 

The a-carboxyl C“QO, of the purified amino acid samples was determined 
by the Van Slyke gasometric ninhydrin method, collected, and counted as 
BaCO; (8, 9). 

Fractionation of Peptides of NPN Fraction—The entire NPN fraction 
was concentrated in vacuo, adjusted to pH 7, and fractionated on a Dowex 
1 formate column. The material was eluted with water and divided into 
fractions of 400 drops with an automatic fraction collector. Ninhydrin 
color was determined on aliquots of each cut by the method of Moore and 
Stein (10). The first peak to emerge was predominantly alanylalanine, 
but, on paper chromatography of large aliquots, the presence of some minor 
contaminants could be demonstrated. ‘This fraction was therefore concen- 
trated in vacuo and purified still further by preparative paper chromatog- 
raphy in two successive solvent systems: (1) 4 volumes of n-butanol half 
saturated with water plus 1 volume of glacial acetic acid; (2) 7.5 volumes 
of sec-butanol, 1.5 volumes of formic acid, 1 volume of water. 

The final material was identified as alanylalanine by three independent 
methods. (1) The material had the same Ry as an authentic sample of 
L-alanyl-L-alanine‘ in four different solvent systems. After HCl] hydroly- 
sis, paper chromatography showed only a single ninhydrin-reacting spot 
running exactly with alanine. (2) The phenyl isothiocyanate end-group 
method of Edman was applied (11). The phenylthiohydantoin derivative, 
arising from the N terminal alanine residue, melted at 175—178°, not recrys- 
tallized (Brautlecht, 180—-184° (12); Edman, 185° (13)). Barium hydrox- 
ide hydrolysis used to regenerate the amino acid from the thiohydantoin 
derivative yielded only alanine as shown by paper chromatography. The 
water-soluble material remaining after formation of the thiohydantoin de- 
rivative was chromatographed and also proved to contain only alanine. 
(3) The dinitrofluorobenzene method of Sanger was applied (14). After 

acid hydrolysis of the dinitropheny! (DNP) derivative, the ether-extract- 
able material was crystallized from alcohol-water and was found to have a 
melting point of 172—174° (DNP-alanine, Abderhalden and Blumberg, 178° 


‘ Gift of Dr. Joseph Fruton. 
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(15)). Paper chromatography of the ether-insoluble residue revealed only 
alanine. In some experiments, this C terminal alanine was converted to 
DNP-alanine to permit direct comparison of its specific activity with that 
of the DNP-N terminal residue. 

With the paper chromatographic method, no clear cut separation of 
tetrapeptide and hexapeptide was achieved. A number of arbitrarily se- 
lected chromatographic bands were separated which, on acid hydrolysis, 
showed alanine, glycine, valine, and aspartic acid, but in every case the 
alanine spot was more intense than the others. Presumably these cuts 
represent mixtures of tetrapeptide and hexapeptide in various proportions. 
In several experiments, more than three peptide fractions appeared in the 
chromatograms, and some of these contained glutamic acid. 

Each of these fractions was hydrolyzed and alanine was isolated from 
the hydrolysate by paper chromatography. The specific activity of this 
alanine represents an average for the alanylalanine residues and the tetra- 
peptide alanine residue weighted according to the actual fraction of tetra- 
peptide in the sample. Consequently, the specific activity of this “‘tetra- 
peptide” alanine, which we have designated Ala;, varied from fraction to 
fraction depending on the extent of its purification from hexapeptide or 
other peptide contaminants. 

Peptic Degradation of Labeled Ovalbumin—Labeled ovalbumin, recrystal- 
lized three times, in 1 per cent solution was brought to pH 1.8 with 0.1 ~ 
HCl. Crystalline pepsin was added in a ratio of 5 to 10 mg. per gm. of 
ovalbumin and the solution was incubated at 37°. Previous studies by 
Beloff and Anfinsen (16) have shown that, at this enzyme concentration, 
the average peptide length is quickly reduced to about 7 amino acid resi- 
dues and is not very much altered by continued digestion. The digestion 
was allowed to proceed until 80 to 90 per cent of the ovalbumin had been 
attacked as indicated by decrease in sulfosalicylic acid-precipitable mate- 
rial. Digestion was stopped by neutralization with NaOH, followed by the 
addition of TCA to a final concentration of 5 per cent. The precipitated 
material was centrifuged and discarded ; the supernatant fluid was extracted 
overnight with ether. The TCA-free peptide mixture, after being concen- 
trated in vacuo, was ready for fractionation by the methods described in 
the next section. 

Fractionation of Peptic Digests of Ovalbumin—The total mixture of pep- 
tides was applied to eight No. 3 Whatman filter paper sheets and developed 
for 18 hours in the butanol-acetic acid solvent system described above. 
Guide strips were cut from the extreme edges of each paper and sprayed 
with 0.3 per cent ninhydrin in water-saturated butanol. With the points 
of maximum color intensity on these guide strips as mid-points, the entire 
paper was divided into twelve ,ands. These bands were cut out, eluted, 
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and the eluates were concentrated in vacuo and rerun separately in 80 per 
cent pyridine-water or in the butanol-formic acid system described above. 
The ninhydrin color pattern of marginal strips was again used as a guide 
in subdividing the fractions. In some cases, the material eluted from these 
papers was subjected at once to HCl hydrolysis. In other cases, the eluted 
peptides were further chromatographed a third and fourth time in a buta- 
nol-formic acid or a butanol-propionic acid solvent system and subdivided 
into still smaller fractions. The sequence of solvent systems used varied 


somewhat from experiment to experiment, but the general pattern of proce- 


dure was similar. In all, the original peptic digests of ovalbumin were di- 
vided into forty to fifty arbitrary fractions of varying size. Since prelim- 
inary experiments indicated that different fractions, even though impure, 
would contain alanine of different specific activities, no attempt was made 
to establish the purity of these component fractions. If differences in 
specific activity can be shown for samples which represent more than | 
alanine residue, the values for single residues probably differ still more 
widely. 

Each of the peptide fractions so obtained was hydrolyzed 16 hours in 
6 ~ HCl under 15 pounds pressure. Excess HC] was removed by repeated 
evaporation to dryness and the hydrolysate was chromatographed as a 3 
inch streak on Whatman No. | filter paper, first in 80 per cent phenol- 
water, then in 80 per cent pyridine-water. The alanine zone was located 
with the aid of known guide spots, cut out, and eluted. Many of the sub- 
fractions contained too little alanine to permit a satisfactory determination 
of specific activity. 

Determination of Specific Activity of Microgram Quantities of Alanine— 
The chromatographically pure alanine was eluted into a 13 mm. X 100 
mm. test-tube. 1 drop of 0.46 N NaOH was added and the entire sample 
was taken to dryness tn vacuo in order to remove a significant and variable 
ammonia blank. The sample was then taken up in 0.5 ml. of H2O and an 
aliquot was taken for alanine determination by the standard Moore-Stein 
colorimetric ninhydrin method (10). Another aliquot was added to 3 mg. 
of carrier piL-alanine in a 25 ml. Erlenmeyer flask. The carboxyl CO, 
was released by the U-tube ninhydrin method of Van Slyke et al. (17), 
collected in 0.5 Nn NaOH, precipitated, and counted as BaC™QOs; in the 
windowless counter designed by Robinson (9). This counter, used in the 
proportional region, gave background counting rates of 2 to4¢.p.m. The 
low background and high counting efficiency of this flow counter made it 
possible to obtain accurate assays in a reasonable time, even on samples 
giving as little as 6 ¢.p.m. (twice background). 

Control experiments showed that eluates from fresh Whatman No. | 
filter paper, even after removal of ammonia, contribute a blank value in 
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the Moore-Stein colorimetric procedure amounting to 0.05 optical density 
unit per sq. in. of paper. Papers that have been run in pyridine contribute 
about the same blank, but papers run in phenol (redistilled) give consider- 
ably higher blanks. For this reason, it is important that the final chro- 


TABLE I 
Control of Method for Amino Acid Separation and Specific Activity Determination 
Specific 
Amino acid mixture (6 um of each per ml.) radioactivity of 
alanine isolated 


p.m. per 
Mixture L, aspartic acid, glutamic acid, glycine, isoleucine, leucine, 124 
phenylalanine, proline, serine, threonine, tryptophan, tyrosine, 126 
valine, alanine-1-C' | 161 


Mixture M, arginine, cysteine, cystine, histidine, lysine, methi- 125 
onine, alanine-1-C!* | 


_ 
to 


Specific activity prior to chromatography....................... : 166 


matographic separation prior to specific activity measurement be carried 
out in pyridine. 

To test this method, alanine-1-C™ was added to known mixtures contain- 
ing equimolar amounts of all the other amino acids found in ovalbumin. 
The specific activities of sixteen alanine samples isolated from this mixture 
checked the true value to within 10 per cent, with an over-all standard 
deviation of 16 per cent (Table I). 

In other experiments, both radioactivity and amount of amino acid were 
determined on a single aliquot of chromatographically pure alanine. The 
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eluted material (10 to 30 y) was dried in vacuo on a disk of polyethylene | 


and counted directly in the flow counter. Then the polyethylene disk was 
placed in an 18 mm. X 150 mm. tube for colorimetric ninhydrin determina- 
tion of the alanine by the method of Moore and Stein (10). The poly- 
ethylene disks did not alter the blank values or the color yields. 

The methods for amino acid isolation and specific activity determination 
were tested by applying them to a series of mixtures of known amino acids 
containing alanine-1-C™ of known specific activity. These mixtures con- 
tained all of the amino acids with Ry values close to that of alanine in the 
solvent systems used. ‘They were separated chromatographically exactly 
as described above for the peptide hydrolysates and the specific activities 
of alanine were determined in the same way. This method was reproduc- 
ible to +9 per cent (s.d.). However, the absolute specific activities for 
samples eluted from chromatograms were found to be consistently about 
15 per cent lower than the values measured before chromatography. 

Determination of C™ Distribution between a- and B-Carboxyl Groups of As- 
partic Acid—The average specific activity for the a- and 8-carboxyl groups 
taken together was determined by the gasometric ninhydrin method of 
Van Slyke et al. (8). The specific activity of the 6-carboxyl group was 
determined on another aliquot by using the Clostridium welchii decarboxy}- 
ase® described by Meister and coworkers (18). The C™Os evolved was 
collected at the end of the experiment by adding alkali to the side arm of 
the Warburg flask. The value for the a-carboxyl carbon was obtained by 
calculation. 


Results 


Non-Uniform Labeling with Respect to Glutamic Acid—In a number of 
experiments, the hydrolysate of the NPN fraction liberated from ovalbu- 
min contained small amounts of glutamic acid. The removal of glutamic 
acid from ovalbumin is not part of the specific reaction described by Linder- 
strgém-Lang and coworkers, although they also have reported the appear- 
ance of glutamic acid in some experiments (3,4). This has been attributed 
to a secondary reaction, presumably the result of further breakdown of 
plakalbumin by the B. subtilis enzyme complex. Only very small amounts 
of glutamic acid are found (30 to 60 per cent as much as the aspartic acid), 
and it seems likely that this glutamic acid has its origin in not more than 
a single residue of the 52 glutamic acid residues in ovalbumin. By com- 
paring the specific activity of the glutamic acid in the NPN fraction with 
the average specific activity of the plakalbumin glutamic acid, it was pos- 
sible to test for non-uniform labeling in the manner already described for 
aspartic acid. 


5 Gift of Dr. Alton Meister. 
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As shown in Table II, the NPN glutamic acid in every case showed a 
higher specific activity than the average plakalbumin glutamic acid. The 
ratios varied from 1.3 to 5.5. Since only the a-carboxy! carbon was deter- 


II 
Non-Uniform Labeling of Glutamic Acid in Ovalbumin 


Glutamic acid, specific activity | 


Experiment No. | Time ee Ratio 
Plakalbumin | NPN 
hrs | c.p.m. per mu | c.p.m. per | 
28 4 800 4,400 5.5 
29-1 1 3,400 11,500 3.4 
29-5 5 60 , 000 180,000 3.0 
48A 1.5 6,500 | 11,200 1.8 
48B 4 22 ,000 28 , 900 1.3 
H4A l 780 3,660 4.6 
64B 21 , 200 45,000 2.1 
Taste 
Non-Uniform Labeling of Aspartic Acid in Ovalbumin 
| Aspartic acid, specific activity 
Experiment No. Time a Ratio 
Plakalbumin NPN 
hrs. c.p.m. per mM | C.p.m. per mM 
26B 5 13,000 | 25,800 — 2.0 
26C | 5 4,200 8,600 2.0 
27B 3 41,200 55 , 800 | 1.4 
28 | 4 1,840 5,170 | 2.8 
29-1 | 1 6,760 18,600 | 2.8 
29-5-I1 | 5 78 ,000 286 , 000 3.7 
48A 1.5 8,500 24,000 2.8 
48B 4 26,500 36,400 1.4 
55-la 1,750 | 5,950 3.4 
55-1b | | 2,230 | 3,540 1.6 
64A | | 1,120 - 3,860 3.4 
2.0 


64B 8 28,500 | 55,700 | 


| 
| 


mined, these ratios indicate non-uniform labeling of the peptide-bound car- 
bon atoms. 

Distribution of Radioactivity in Aspartic Acid Residues Derived from La- 
beled Ovalbumin—In earlier experiments, the finding of non-uniform label- 
ing of the aspartic acid residues in radioactive ovalbumin suggested that 
these residues were not simultaneously derived from a common metabolic 
pool of free amino acids. Subsequent experiments have confirmed these 
earlier findings, as shown in Table III. In these experiments, radioactivity 
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was added as COs, and specific radioactivities were determined on the 
COs» released by ninhydrin from the aspartic acid samples, which includes 
both the a- and 8-carboxyl carbon. It was of interest, therefore, to inves- 
tigate the distribution of radioactivity in the two carboxyl groups of aspar- 
tic acid. As is shown in Table IV, the specific activity of the a-carboxy| 
carbon of the NPN aspartic acid residue was higher than that of the a- 
carboxyl carbon of the plakalbumin aspartic acid residues in every case. 
The 8-carboxyl carbons showed non-uniform labeling to about the same 
extent and in the same direction; 7.e., the NPN aspartic acid was more 
highly radioactive.® 

An interesting incidental finding in these studies was the high percentage 
of C™QOs fixed in the a-carboxyl carbon of aspartic acid. This ranged from 
26 to 38 per cent of the total ninhydrin-labile C“O,. The usual forward 


TaBLe IV 
Labeling of a- and 8-Carboryl Carbons of Aspartic Acid in Ovalbumin 
Specific activity as counts per minute per mM. 


a-Carboxyl, specific activity | B-Carboxyl, specific activity ‘Per cent C¥ in a 


t 
Plakal- | NPN | Ratio | Flake | wen | Ratio | Plskal-| npn 
48A 1.5 2,900 8,100 2.8 5,600 15,900 2.8 34 34 
4sB | 5 7,000 13,200 1.9 | 19,500 23,200 1.2 | 2% 36 
56 5 20,900 | 28,800 1.4 34,200 65,800 1.9 38 30 


reactions of the Krebs cycle will not account for this finding. Two pos- 
sible explanations may be mentioned. First, oxalacetic acid formed by 
fixation of C“O». may be extensively shuttled by the reverse reactions of 
the Krebs cycle to fumarate and back to oxalacetate prior to amination 
(21). In order to explain the observed C™ distribution between @ and 8 
positions by this mechanism, at least half of the oxalacetic acid going to 
aspartic acid would have to be so shuttled. Second, a large amount of 
("Os may be fixed into acetoacetate (22) and consequently into carboxyl- 
labeled acetate derived from it. This acetate would, by the forward reac- 


* The demonstration that the a-carboxyl groups (peptide bound) are non-uni- 
formly labeled appears to rule out direct exchange with CQO, as a factor in the 
non-uniform labeling. There is still the possibility that aspartic acid is C terminal, 
that both carboxyl groups in this residue are free to exchange with C'QOs, and that 
this is the residue split off in the ovalbumin-plakalbumin conversion. While it has 
been shown by Porter (19) and by Desnuelle and Casal (20) that ovalbumin has no 
N terminal residues, this might be due to masking of free amino groups by the carbo- 
hydrate moiety rather than cyclization of the molecule. The possibility that the 
ovalbumin molecule contains C terminal groups is being investigated. 
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tions of the Krebs cycle, give rise ultimately to oxalacetate labeled equally 
in the a- and 8-carboxy! carbons. At least one-half of the oxalacetie acid 
going to aspartic acid would have to come via this pathway to yield the 
observed distributions. Finally, it can be pointed out that the fraction of 
(C™ in the a position remained relatively constant with time, indicating that 
the mechanism by which C™Os enters this position in aspartic acid con- 
tinued to function at about the same rate throughout the incubation period. 

The effect of time of incubation on the plakalbumin-NPN ratios of as- 


TABLE V 
Effect of Time of Incubation on Plakalbumin-NPN Ratio 
Specific activity as counts per minute per mM. 


: Aspartic acid, specific activity Glutamic acid, specific activit 


Ratio —‘ Plakalbumin NPN Ratio 


Plakalbumin NPN 


48 


TABLE VI 
Labeling of Alanylalanine in NPN Fraction 


Specific activity, c._p.m. per mg. COOH C 


Plakalbumin Alanylalanine Ala: | 
42 506 584 501 | 667 
43 690 712 654 | 753 


46 445 365 


partic and glutamic acid has been studied in two cases. As shown in Table 
V, the degree of non-uniform labeling falls off with increasing time of incu- 
bation. The implications of this finding are discussed below. 

Labeling of Alanine Residues in NPN Fraction—In contrast to the re- 
sults obtained for aspartic and glutamic acids, the alanine in alanylalanine 
showed a specific activity almost identical with that of the plakalbumin 
alanine (Table VI). In two cases, the specific activities of the N terminal 
and C terminal residues were determined separately. As shown in Table 
VI, Alaz (the C terminal residue) was somewhat higher in specific activity 
than Ala;, but the difference may not be a significant one. 

The demonstration of Cin the carboxyl group of the N terminal residue 
of a well characterized peptide proves that the amino acid incorporation 


Ars. 
1.5 5, 600 24,000 2.8 6 , 500 11, 200 1.7 
4 26,500 36,400 1.4 22,000 28,900 1.3 
64 l 1,120 3,860 3.4 780 3, 660 4.7 
8 28,500 55,700 2.0 21,200 45,000 2.1 
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into ovalbumin zn vitro occurs, at least in part, through true peptide bond 
formation. 

The partially purified tetrapeptide alanine (Ala,) showed variable spe- 
cific activity, as discussed above under ‘‘Methods.’”’ However, in most ex- 


TaB_e VII 
Non-Uniform Labeling of Alanine in Ovalbumin 


Specific activity, c.p.m. per mg. COOH C 


Plakalbumin Alat, maximum 
42 506 780 1.5 
43 690 1870 
46 445 1130 2.5 
47 2080 2340 is 
1.8 


oT 5030 9000 


TaBLe VIII 
Non-Uniformity of Specific Radioactivity of Alanine Residues in Ovalbumin 


RF values 
Fraction No. Alanine Total activity activity activity 
HAc pyridine HCOOH 
| c.p.m. C.p.m. per vy c.p.m. per 
51-1-3 | 0.01 0.39 4.9 26.6 5.4 5 4 
| 3.6 19.8 5.5 
51-2-6 | 0.05 0.55 | 6.9 6.4 0.92 1.0 
| 9.4 9.9 1.04 
51-2-1 | 0.06 0.01 6.3 10.6 1.7 1.7 
51-24 | 0.06 0.32 3.7 11.5 3.1 
| 9.2 3.5 
51-3-2 0.10 0.30 3.8 19.7 5.2 
51-4-4 | 0.14 | 0.33 3.4 15.9 4.7 | 
| | 2.6 16.2 6.3 
51-5-2-1 | 0.17 | 0.35 0.05 4.3 1.8 
51-6-2-2 | 0.23 | 0.27 0.11 2.3 2.9 
51-12 | 0.88 | 25.0 132.6 | 6.3 
25.0 128.6 5.1 


periments, there were one or more fractions containing Ala; with a specific 
activity significantly higher than that of the average plakalbumin alanine. 
The maximum ratios observed are shown in Table VII. 

Specific Activities for Alanine in Peptide Fractions Released from Labeled 
Ovalbumin by Pepsin—The alanine isolated from the peptide fractions after 
pepsin digestion showed a wide range of specific activities. The values 
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nd obtained for nine fractions in one experiment are shown in Table VIII, 
together with the approximate Rr values of the zones eluted. It will be 


e- 
ry. TaBLe IX 
Non-Uniform Labeling of Alanine in Peptide Fractions of Ovalbumin 
A B | Cc | 
c.p.m. per uM 
a 12 0.89-1.00 170 
4-5 0.15-0.22 0.86—-0.99 190 
10-4 0.72-0.80 0.21-0.62 220 
| 1-1 0.00-0.05 0.00-0.03 250 
4-3 0.15-0.22 0. 25-0.37 270 
5-4 0.22-0.31 0.20-0.33 320 
| 8-3 0.59-0.65 ().20-0.51 320 
6-2 0.31-0.39 0.05-0.12 350 
1-2 0.00-0.05 0.03-0.48 | 360 
5-3 0. 22-0.31 0.12.20 370 
5-2 0.22-0.31 0.05-0.12 380 
4-2 0.15-0.22 0.17-0.25 390 
11-4 0.80-0.89 0). 23-0.67 460 
5-1 0.22-0.31 0.00-0.05 460 
4-1 0.15-0.22 0.00-0.17 470 
10-5 0.72-0.80 0.62—1 .00 500 
11-5 0.80—-0.89 0.67-1.00 520 
9-5 0.65-0.72 0.50—-0.77 520 
6-1 0.31-0.39 0.00—0.05 560 
2-1 0.05-0.10 0.00—-0 . 32 570 
3-2 0.10-0.15 0.02-0.17 570 
7-1 0.39-0.51 0.00-0.07 570 
9-4 0.65-0.72 0. 23-0.50 600 
7-3 0.39-0.51 | 0.18-0.25 600 
7-4 0.39-0.51 | | 0.25-0.49 610 
6-3 0.31-0.39 0.12-0.18 670 
7-2 0.39-0.51 0.07-0.18 710 
6-4 0.31-0.39 | 0.18-0.34 760 
460 
* Solvent systems, A = | volume of n-butanol, 1 volume of propionic acid, H.O- 
saturated; B = 80 per cent pyridine-water; C = 7.5 volumes of sec-butanol, 1.5 
volumes of formic acid, 1 volume of H20. 
noted that there is more than a 5-fold difference between the lowest and 
highest values found. The results of a second, more complete experiment 
are shown in Table IX. Since these fractions are not pure, each one pos- 
sibly representing several alanine residues, the true range of specific activi- 
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ties for individual residues may be even greater. The demonstration that } 


these arbitrary fractions of the peptic hydrolysate contain alanine with 
such widely different specific activities indicates decided non-uniformity in } 
the labeling of the ovalbumin molecule with respect to alanine. The large | 


number of fractions with divergent specific activities shows that the non- 


uniform labeling previously observed is not limited to any special small 


portion of the molecule but appears to be quite general. 


Results of Experiments in Vivo—Both aspartic acid and glutamic acid | 
were isolated from the plakalbumin and NPN fractions of labeled ovalbu- 
min prepared by injection of NaHC™O; in vivo. The aspartic acid and } 
glutamic acid in the NPN fraction had higher specific activities than the § 
corresponding amino acids in plakalbumin (Table X), confirming the results } 


obtained tn vitro. 
TABLE X 
Non-Uniform Labeling of Ovalbumin in Vivo 


Specific activity 
Experiment No. RIES a Ratio 
Plakalbumin | NPN 


| c.p.m. per mM c.p.m. per on 


53. Glutamic “ 2160 2660 1.2 

DISCUSSION 


In the present studies, radioactive ovalbumin has been prepared both 
in vitro and in vivo. By partial degradation of the purified labeled protein, 
it has been possible to show that a given labeled amino acid precursor 
(aspartic acid, glutamic acid, or alanine) can enter different positions within 
the ovalbumin molecule at widely differing rates. The fundamental re- 
quirement imposed by these findings on any hypothesis proposed for oval- 

*bumin synthesis is that an amino acid must pass through an intermediate 
form before it is incorporated into the protein molecule. Non-uniformity 
of labeling can then come about in three general ways. 

First, the labeled amino acid entering different sized pools of preformed, 
unlabeled peptides could undergo different degrees of dilution. The spe- 
cific activity of that amino acid would then differ from peptide pool to 
peptide pool. When these peptides combined to form the protein, the 
different segments corresponding to these peptides would contain the la- 
beled residue at different specific activities. 

Second, if the possibility of true dynamic equilibrium between free amino 
acids and peptides is considered, differences in the rate constants would 
permit differences in the rate of isotope equilibration even at steady state. 
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Finally, if peptide fragments released by catabolic reactions from a pre- 
formed protein were utilized directly in the synthesis of another protein, 
these fragments would be expected to contain residues of considerably lower 
specific activity than those in the remainder of the molecule. 

The present findings imply the operation of one or more of these mech- 
anisms during the biosynthesis of ovalbumin, and they imply the existence 
of intermediate compounds, most likely peptides.’ Perhaps one of the 
factors that has discouraged postulation of peptides as intermediates is the 
strikingly low analytical level of peptide nitrogen in tissues. Still an anal- 
ogy can readily be made with the surprisingly small size of the 2-carbon 
fragment pool relative to the mass of larger metabolites synthesized from 
these fragments (23). A corollary of this contrast in concentrations of 
precursor and products is a high turnover rate of the precursor; that is, 
the peptide intermediates should presumably show very rapid turnover of 
an isotopically labeled amino acid. 

Several alternative explanations for the observed findings, while they 
appear to be less likely, deserve mention. A number of authors have con- 
sidered the possibility that the appearance of labeled amino acids in pro- 
teins might be due to a direct exchange of individual residues from the 
fabric of the protein for their labeled counterpart in the free amino acid 
pool. Such a direct exchange implies the temporary rupture, followed by 
reformation of 2 peptide bonds. It also requires a mechanism for holding 
in place two huge peptide fragments during the exchange process. A pri- 
ori such a mechanism appears unlikely. In any case, if such an exchange 
were to occur at random, all residues would be equally labeled, in contra- 
diction to the present findings. On the other hand, it might be postulated 
that the exchange process is hindered at some positions and favored at 
others because of steric factors. If this were the case, the relative rates of 
exchange would be a function of the configuration of the ovalbumin mole- 
cule and this should not change with time of incubation. However, as 
shown in Table V, the degree of non-uniformity of labeling does change 
considerably with the time of incubation. 

If the over-all time span for fabrication of a single ovalbumin molecule 
were long and the specific activity of the precursor amino acid changed sig- 
nificantly during that time, different residues would show different specific 
activities. This possibility is fairly well ruled out in the C“O:2 experiments, 
since it has been shown by Peters,’ in experiments with chicken liver slices, 
that dicarboxylic amino acids equilibrate completely with the C4O:z within 
the first 5 minutes and maintain a constant level of radioactivity for at 


7 The intermediate compounds need not be free peptides. The present findings 
would be compatible with any form of intermediary complexes, free or bound, but 
kinetically distinguishable. 

8 Peters, T., personal communication. 
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least 3 hours. In other words, in these experiments, there is virtually , 
constant precursor specific activity. Yet at the end of 1 hour, the aspartic F 
acid residue split from ovalbumin differed in specific activity by as much} 


as 370 per cent from the average aspartic acid. 


It has been assumed in this discussion that the precursor amino acid is } 
present in the tissue as a homogeneous pool from which residues are drawn | 
at random for the synthesis of any particular protein molecule. There is f 
no conclusive evidence for or against this assumption, an assumption which } 
is implicit in the interpretations given to the results of many studies making } 
use of isotopic tracers. In the present case, however, the findings of Peters, f 
mentioned above, suggest that all of the dicarboxylic amino acids of the | 
tissue are in equilibrium with C“O. when NaHCO; is the source of the 
labeling and that, therefore, there can be no question of inhomogeneity of | 


the precursor pool. 


A number of workers (Wrinch (24), Delbriick (25), Burnet (26), Hauro- } 
witz (27), Wright (28)) have discussed template mechanisms for protein | 
synthesis. Essentially what is proposed in these mechanisms is that free | 
amino acids are assembled on the surface of a template which imposes the } 


proper sequence and configuration. In many cases, the protein molecule 
itself has been postulated as a template for its own synthesis. When, by 
an unspecified auxiliary mechanism, the peptide bonds have been formed, 
the protein molecule is released from the template surface, which then be- 
comes available for the synthesis of the next protein molecule. Since these 
mechanisms should lead to uniform labeling, they do not appear to be ade- 
quate, without modification, to account for ovalbumin synthesis. 

Delayed feeding experiments (29) have demonstrated that, for optimum 
utilization in protein synthesis, all of the amino acids must be offered to 
the organism simultaneously. This finding has been cited as support for a 
template mechanism, but it is equally compatible with stepwise synthesis. 
Since the organism cannot store amino acids or peptides, the omission 
of one amino acid would prevent the formation of certain peptide pre- 
cursors in concentrations that could support net formation of proteins. 
Since our previous publications (1, 2), Muir, Neuberger, and Perrone 
have reported briefly some experiments on the biosynthesis of hemo- 
globin in the intact rat (30). The animals were sacrificed at intervals 
beginning at 24 hours after the injection of valine-4,4’-C". Hemoglobin 
was then isolated and treated with dinitrofluorobenzene. The average 
specific activity for the N terminal valine residues was found to be the 
same as that for the average non-terminal valine residues. Since there 
are probably several N terminal valine residues in rat hemoglobin, it 
cannot, of course, be concluded that the hemoglobin molecule is uniformly 
labeled. In a sample containing several residues, the observed specific 
activity would tend to approach the average for the molecule as a whole. 
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In fact, any single residue may, by chance, have a replacement rate equal 


to the average. Therefore, before a negative result can be accepted as 
conclusive, several relatively pure, single amino acid residues must be 
isolated and their specific activities compared with each other and with 
the average value for that amino acid. Another important factor entering 


- into interpretation is the duration of the experiment. Even in a system 


in which non-uniform labeling of protein occurs, as in the present experi- 
ments, the differences in specific activity may become smaller with time 


and may eventually become obliterated owing to the kinetics of the system. 


Samples taken at an earlier time might reveal non-uniform labeling. 

It is possible that ovalbumin is not a representative protein and that . 
different proteins are made by different mechanisms. Before the postulate 
of synthesis by way of intermediates can be generalized, evidence of the 
type reported here must be obtained for other protein molecules. 


SUMMARY 


1. Evidence has been presented to show that ovalbumin synthesized 
by hen oviducts in vitro in the presence of C“%O2 becomes non-uniformly 
labeled with respect to aspartic acid and glutamic acid. 

2. Labeled ovalbumin prepared in vivo by injection of NaHCO; has 
also been shown to be non-uniformly labeled with respect to both aspartic 
acid and glutamic acid. 

3. Degradation by peptic digestion of ovalbumin containing § labeled 
alanine, followed by paper chromatographic fractionation of the peptides, 
made it possible to demonstrate that non-uniformity of labeling extends 
throughout much of the ovalbumin molecule. Alanine fractions differing 
in specific activity by as much as 400 per cent were obtained. A micro- 
method used for determining specific activities on microgram quantities 
of amino acids was described. 

4. Alanylalanine was isolated from alanine-labeled ovalbumin (by the 
ovalbumin-plakalbumin reaction of Linderstrgm-Lang) and characterized 
hy three independent methods. The N terminal and C terminal residues 
of this dipeptide showed specific activities almost identical with the average 
specific activity of the alanine of plakalbumin. The third alanine residue 
removed in the ovalbumin-plakalbumin reaction, however, appears to have 
a significantly higher specific activity than the average. 

5. The demonstration of C™ in the carboxy! carbon of the N terminal 
residue of alanylalanine establishes that, at least in part, the incorporation 
of amino acids into protein in vitro can occur by true peptide bond forma- 
tion. This conclusion is further supported by the finding of C'-alanine 
in the numerous peptide fractions of ovalbumin obtained after peptic di- 
gestion. 

6. The non-uniform protein labeling demonstrated in these studies rules 
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out a complete template mechanism for ovalbumin synthesis. These findings 
require the postulation of a stepwise synthetic process involving the for- 
mation of amino acid derivatives, probably peptides, as intermediates. 
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2,4-Diaminopyrimidines and many condensed systems containing the 
2,4-diaminopyrimidine moiety are competitive antagonists of folie acid in 
the growth of Lactobacillus casei (1-4). The diaminopyrimidines fall into 
two classifications on the basis of potency and structure: those which possess 
a weighty substituent in the 5 position of the pyrimidine nucleus have ap- 
proximately 100 times the potency of the 5-unsubstituted or 5-alkyl deriv- 
atives (cf. 5-p-chlorophenoxy-2 , 4-diaminopyrimidine and 2 ,4-diamino-5, 6- 
dimethylpyrimidine (1-3)). Similarities in chemical structure and in mi- 
crobiological activity between certain 5-substituted diaminopyrimidines 
and the antimalarial biguanides suggested that the former might possess 
antimalarial activity (5). This was shown to be true (5) and the synthesis 
of related structures (6-8) eventually led to antimalarial diaminopyrimi- 
dines of extremely high potency (9, 10). Meanwhile it had been shown 
that the pyrimidine antimalarials act synergistically with sulfadiazine on 
Plasmodium gallinaceum (11), although chlorguanide (N,-p-chlorophenyl- 
N;-isopropylbiguanide) does not (12). Nevertheless the actions of both 
types of drug are suppressed by folic acid (11, 13). 

The present paper is concerned primarily with the mode and locus of — 
action of the diaminopyrimidines. It will be shown that these substances 
have a number of biological activities in common with those of the 4-amino 
analogues of folic acid; however, they appear to possess a much greater 
degree of tissue and species specificity which depends on details of fine 
chemical structure. 


EXPERIMENTAL 


The experiments with J. caset were carried out essentially as described 
previously (2). The basal medium (O) was supplemented with folic acid 
as indicated. The cultures were incubated at 37° for 68 hours, after which 
growth was estimated by the titration of 10 ml. aliquots with 0.1 N sodium 
hydroxide. 

The medium employed for the culture of Leuconostoc citrovorum is some- 
what modified from Medium IV described by Sauberlich and Baumann (14). 
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Adenine, guanine, and uracil were omitted, but xanthine was found to be 
essential and was incorporated at a level of 1 mg. per 100 ml. The Salts 
B solution contributed the following quantities to 100 ml. of medium: 
20 mg.; FeSO.-7H2O, 4 mg.; MnSQ,-2H20, 4 mg.; NaCl, 
1 mg. Sodium acetate, 2 gm., also was added. The vitamin supplement 
consisted of the following: thiamine chloride 25 y, pyridoxine hydrochloride 
50 y, calcium pantothenate 25 y, nicotinic acid 50 y, riboflavin 50 y, p- 
aminobenzoic acid 10 y, and biotin 0.1 y, per 100 ml. of medium respec- 
tively. Synthetic N;-formyl]-5,6,7,8-tetrahydrofolic acid! was used as a 
source of citrovorum factor (15-18). Supplements of 1 and 10 myugm. per 


10 ml. were used routinely. The cultures were incubated at 37° for 16 to 


20 hours. Growth was estimated by measurements of turbidity with a 
Lumetron model 403-E photoelectric colorimeter adjusted so that the un- 
inoculated medium gave a zero reading (reading = 100 less per cent trans- 
mission). 

Streptococcus faecalis (ATCC No. 8043) was cultured exactly as described 
by Luckey et al. (19) and growth was measured turbidimetrically as de- 
scribed above for L. citrovorum. 

Substances to be tested were added at several levels, as aliquots of stock 
solutions, to 10 ml. portions of medium before autoclaving. The effects of 
the added substances are expressed as the ratio of compound to metabolite 
required to produce a 50 per cent inhibition of growth. 

Growth experiments were carried out with the usual casein-sucrose diet 
(20) offered ad libitum to male, Sprague-Dawley, albino rats at an initial 
weight range of 40 to 60 gm. Weights were recorded twice weekly. The 
materials to be tested were incorporated into the diets. When an animal 
died during the experiment, the maximal weight reached was used in the 
computation of the average weight gain of the group. 


Results 


It had been shown earlier that 2,4-diamino-5 ,6-dimethylpyrimidine (1) 
and 2,4-diamino-5-p-chlorophenoxypyrimidine (3) are competitive antag- 
onists of folic acid in the growth of L. casez. A further example of the 
competitive nature of this antagonism is shown in Fig. 1, where the growth 
of L. caset (as ordinate) is plotted against folic acid concentration (as ab- 
scissa) for several levels of 2 ,4-diamino-5-p-chloropheny]-6-ethylpyrimidine 
(Compound 50-63). It will be seen that over a 500-fold range of concen- 
tration essentially constant growth effects are obtained for a given ratio of 
antimetabolite to metabolite. It is further evident that it is of minor im- 
portance whether the vitamin is furnished as folic acid or folinic acid. 


1 Calcium Leucovorin, Lederle Laboratories Division, American Cyanamid Com- 
pany. 
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A similar plot of the effects of the same pyrimidine on the growth of L. 


- citrovorum is shown in Fig. 2. Here it is seen that in this organism, which 
requires cztrovorum factor (folinic acid) for growth, the phenylpyrimidine 


is a competitive antagonist of cztrovorum factor. The competitive rela- 
tionship exists only over a narrow (perhaps 10-fold) range of concentration. 


_ At higher levels of compound the addition of a further quantity of the 


metabolite no longer results in restoration of growth. 
In Table I are presented the results of studies of twelve diaminopyrimi- 


x 


100 fo) — 


=< 


Per Cent of Control Titer 


0.25 1256.25 31.0 750 0.25 125 6.25 750 

Concentration of Folinic Acid Concentration of Folic Acid 
my am. /lOmi. m gm. /iOmi. 


Fig. 1. Effects of 5-p-chlorophenyl-2,4-diamino-6-ethylpyrimidine on growth of 
L. casei in the presence of folic and folinic acids. Concentrations of compound per 
10 ml., A, ly; ®, 57; @, 25 y; X, 125 y; O, 250 y; O, 500 y+. 


dines in terms of inhibition ratios; z.e., the ratio of inhibitor to metabolite 
which limits growth to half the maximal level. It is evident that there is 
no striking difference in activity on L. casez between similarly substituted 
5-phenoxy- and 5-phenylpyrimidines (although a few 5-phenoxypyrimidines 
of a greater order of potency have been synthesized”). However, the ac- 
tivities of these two types against L. citrovorum differ. With the latter 
organism, the phenylpyrimidines are about 1 order of magnitude more 
potent than the phenoxy- or benzylpyrimidines. Moreover, it is apparent 
that the effects of an alkyl group in the pyrimidine 6 position are different 


? To be published. 
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90 iI 
80 
70 a 
60F 
>, 50F t 
40F 4 
5 
30L 
20F 
t 
! 5 25 125 625 7 
Concentration of Folinic Acid 
my gm./1Omi. 
lic. 2. kffects of on growth of 
L. citrovorum in presence of folinic acid. Concentrations of compound per 10 ml., 0 
A, control; @, 10 7; X, 207; O, 40 7; O, 80 y; @, 125 y: a 
TABLE I t 
Antagonism between 2,4-Diaminopyrimidines and Folic and Folinic Acids ‘ 
Substituents | Inhibition index X 107? t 
5 6 L. caseit citrovorum; 
48-29 | CH; ' CH; 625 Nn 
48-122 (4)CIC,H,O H 0.3 13 
48-210 | ” CH; 2.0 5 
48-257 (4) CIC H 0.4 
49-224 | CH, 1.6 a 
49-371 1.8 f 
49-248 (4)CIC.H, | I 0.3 6 t 
50-63 Coll; 2.3 1.8 
50-109 1.3 0.8 
50-11 (3,4) 0.2 1.0 
50-197 | CH, 1.8 
50-276 CH; 
; * Cf. Falco et al. (9). 


+t (Compound)/(folie acid) at half maximal growth, weight basis. 
t (Compound) /(folinie acid) at half maximal growth, weight basis. 
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in the two test organisms: a 6-alkyl group diminishes the activity against 
L. caset but enhances the activity against L. citrovorum. In both these 
respects the activities against L. citrovorum more closely resemble those 
against plasmodia (9) than do the corresponding activities against L. case7.’ 

It may be worth noting further that the inhibition indices of the 6-alkyl- 
5j-phenylpyrimidines are essentially identical for the two organisms and 
therefore for two variants of the metabolite. On the other hand, when 
hydrogen occupies the pyrimidine 6 position (Compounds 48-122, 48-257, 
49-248), the compounds in general are stronger as antagonists of folie acid 
in L. caset growth than of folinic acid in the growth of L. cttrovorum. 

The effects of the diaminopyrimidines on another folic acid-requiring 
bacterium, S. faecalis, are of particular interest in that the inhibitor-me- 
tabolite relationships differ strikingly from those with the microorganisms 
previously mentioned. This organism grows equally well with either fo- 
linic or folic acid (Table IT, ‘“‘Control’’). However, the data of Fig. 3 and 
Table II show that all the 5-substituted diaminopyrimidines are much 
more highly inhibitory when the organism is grown with folic acid than 
when the vitamin is furnished in the folinic acid form. Thus, with the two 
5-phenoxypyrimidines (Compounds 48-122 and 48-210) growth with folic 
acid is completely prevented by 5 y of compound, a level which is not 
significantly inhibitory in the presence of folinic acid. The results shown 
by the 5-benzylpyrimidine (Compound 49-224) are essentially similar to 
those obtained with the 5-phenoxypyrimidines. The most highly effective 
compounds were found in the 5-phenylpyrimidine series. Thus a concen- 
tration of Compounds 50-63 or 50-197 amounting to 0.4 y in 10 ml. com- 
pletely abolishes growth; 80 myugm. are still strongly inhibitory when folic 
acid is supplied. The results at the latter level indicate that about 16 
molecules of the antimetabolite are required to prevent the action of 1 
molecule of the metabolite. These compounds also appear to be signifi- 
cantly more active than the others in the inhibition of growth with folinic 
acid. With all the diaminopyrimidines a competitive relationship with 
folinic acid is suggested, but only over a narrow (5-fold) range of concen- 
tration. 

In view of the antifolic acid activities of the diaminopyrimidines in mi- 
croorganisms, it was of interest to determine whether similar effects could 
be demonstrated in the mammalian organism. For this purpose, Com- 


The parallelism between activities against L. cttrovorum and P. gallinaceum 
and Plasmodium berghei extend only to general types of substituent. In particular 
the 6-alkyl-5-phenylpyrimidines become more potent against L. citrovorum as the 
alkyl chain length is increased, while that against the plasmodia reaches a peak with 
the ethyl derivative (9). It must be remembered that, in tests against the plas- 
modia, absorption and metabolism by the host chick or mouse play a réle of indeter- 
minate importance. 
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TABLe II 
Effects of Folic and Folinic Acids on Toxicity of Diaminopyrimidines for S. faecalis 
Turbidity, 100 less per cent transmission 
Compound No. a Y Per! Folic acid, mugm. per 10 ml. | Folinic acid, mugm. per 10 ml. 
1 5 25 125 1 s | 2s 125 
Control 23 47 57 65 15 41 | 62 71 
48-122 1 5 2 10 63 20 44 | 70 68 
5 7 5 1 6 21 | 37 _ 68 64 
25 3 5 7 2 15 | 2 | 63 | 71 
125 2 3 3 4 70 
625 6 5 7 3 
48-210 1 7 5 7 47 12 27 60 65 
5 5 3 5 i) 7 26 62 61 
25 3 5 5 2 6 14 41 59 
125 3 5 7 5 2 7 17 44 
49-224 0.008 3 37 50 60 | 
0.04 3 20 50 55 
0.2 3 5 30 55 
1 0 3 5 15 14 29 50 62 
5 10 20 55 52 
25 4 21 50 52 
125 5 5 16 50 
6§25 5 2 2 4 
50-63 0.003 0 41 62 62 
0.016 0 3 49 50 
0.08 2 0 0 33 
0.4 4 6 4 4 
2 2 8 § 4 8 38 65 72 
10 5 31 56 73 
50 6 11 27 67 
250 4 4 2 7 
50-197 0.003 6 30 62 61 | 
0.016 5 | 10 | 50 | 56 | 
0.08 5 5 5 20 | 
0.4 2 3 3 4 
2 2 4 4 3 6 31 69 
10 4 15 | @ 67 
250 1 2 3 3 


pound 50-63 was fed to rats at a toxic level (1 gm. per kilo of diet), the 
nature of the toxic effects were observed, and attempts at prevention of 
the toxicity were carried out. 

The effects of the incorporation of Compound 50-63 into the diet are 
essentially those of folic acid deficiency. Thus in general appearance, de- 
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bilitation, hemosiderin deposits, and occasional alopecia, the animals closely 
resemble those receiving a succinylsulfathiazole- or sulfanilylguanidine- 
containing diet, as described in the literature (21, 22) and observed in this 
laboratory. Furthermore, a depression of the leucocyte count is suggestive 
of folic acid deficiency. 

The results of experiments designed to demonstrate the effects of various 
metabolites on the toxicity of Compound 50-63 are shown in Table III. 
A dietary level of compound (1 gm. per kilo of diet) was chosen so that 
the weight gain was essentially nil in the experimental period of 50 days, 


90, 


05 25 62.5 § 25 125 
Concentration of Folinic Acid Concentration of Folic Acid 
mp gm./10 mi. my gm./lOmi, 


Fic. 3. of on growth of 
S. faecalis in the presence of folic and folinie acids. Concentrations of compound 
per 10 ml., X, control; ©, 10 y; ©, 50 y; @, 250 y. 


and in two of three trials all the animals died within 35 days. To this 
diet, various substances were added to determine their effects on the toxic- 
ity of the compound. A representative experiment with folic acid (Ex- 
periment 2) shows this vitamin to have essentially no effect even at a very 
high level. Methionine and thymine (Experiments 3 and 4) and nucleic 
acid preparations (Experiments 5 and 6) are likewise ineffective. Vitamin 
Bi is ineffective (Experiment 8) and fails to improve the response to folinic 
acid (Experiments 9 and 22). Of various natural products only an autoly- 
sate of yeast (Experiment 11) and the fraction of liver insoluble in 70 per 
cent alcohol (Experiment 17) were found to give satisfactory protection 
and weight gain. Folinie acid (Experiments 18 to 23) also prevents death, 
but growth was suboptimal even at very high levels. 
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The relative effectiveness of the liver powder in the protection of growing 
rats from the toxicity of the pyrimidine led to a more detailed examination 


TaB_e III 
Effects of Various Substances on Tozicity to Rats of Compound 60-63 
Experiment Supplement Amount per No. of of 
No. kilo diet | animals , 50 days 
gm. 
Without drug 6 145 6 
e “ + liver 50 gm. 6 127 6 
powder 
1 None 18 15 ; 
2 Folic acid 50 mg. 6 9 0 
3 Methionine 10 gm. 7 1 0 
4 Thymine 2.5 gm. 6 14 0 
5 Thymonucleic acid 2 gm. 6 —12 0 
6 Yeast nucleic acid = 6 5 0 
7 Injectable liver 395 units 5 33 0 
8 Vitamin Bi 0.5 mg. 6 i) 0 
folinie acid 10 mg. 7 49 7 
10 Yeast 50 gm. 4 56 3 
11 autolysate* 50“ 81 5 
12 Wheat germ i 7 42 5 
13 Rice polish extract t 50“ 7 3 0) 
14 Milk powder 50 “ 7 9 1 
15 Liver powder} aw 5 15 I 
16 6 55 4 
17 “ 24 101 24 
18 Folinic acid§ 0.33 mg. 6 
19 = we 1.0 mg. 5 38 3 
20 5 43 4 
21 7 60 7 
22 10.0 13 10 
23 nd "= 33.0 “ 5 82 5 


* Basamin, Anheuser-Busch. 

t Ryzamin-B, Burroughs Wellcome. 
t Liver fraction 2, Armour. 

§ Caleium Leucovorin, Lederle. 


of this material, especially with regard to its content of folic acid, folinic 
acid, and related factors. The results of some of these experiments are 
shown in Table IV. The apparent folinic acid content of the liver powder 
is approximately 1.4 mg. per 50 gm. (28 y per gm.). Assays with L. casei 
and S. faecalis, which respond to both folic and folinic acids, give essen- 
tially the same values as L. citrovorum, which responds to folinic acid but 
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not folic acid under the conditions employed. Therefore it may be con- 
cluded that the vitamin is chiefly in the folinic acid (citrovorum factor) 
form. This is further verified by independent experiments in which it was 


TABLE IV 
Assays of Natural Materials for Folie and Folinie Acids 
| F olic-folinic acid content, 7 per gm. 
Material Treatment® 
L. casei L. citrovorum S. faecalis 

Liver powdert 33 28 29 

Acid 30 3.5 

“ “é HK 28 

“ CP 28 
Yeast extractt 0.07 

HK 18 


: HK, hog kidney conjugase (23) incubated with solution of liver or yeast at 
pH 4.5 for 48 hours; CP, chicken pancreas conjugase (24) incubated at pH 8 for 24 
hours; acid, a 5 per cent solution, adjusted to pH 1.9 with hydrochloric acid, stood 
15 hours at 24°. 

t Liver fraction 2, Armour. 

t Bacto yeast extract, Difco. 


TABLE V 
Effect of Liver Extract on Toxicity of Compound 50-197 for Streptococcus faecalis 


Turbidity, 100 less per cent transmission 


Concentration of compound, Liver extract, mg. per 10 ml. 


7 per 10 ml. 
0.026 | 0.13 0.66 3.3 
None 16 35 67 81 
2 12 33 66 79 
10 { 19 | 64 80 
50 3 3 22 76 
250 | 3 7 | 2 4 


shown that exposure to acid destroys the activity for L. citrovorum without 
affecting that for L. caset. 

There exists, however, a large discrepancy between the citrovorum factor 
content of the liver powder and its activity in reversing the toxicity of 
Compound 50-63. Thus 50 gm. of liver powder with an apparent content 
of 1.4 mg. of citrovorum factor were found to be more effective than 33 mg. 
of synthetic folinic acid (Table III, Experiment 17 versus Experiment 23). 
In an effort to determine whether the liver might contain bound or conju- 
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gated cifrovorum factor, perhaps active in the rat but inactive in micro- 
organisms, the liver powder was treated with conjugase preparations from 
hog kidney (23) and chicken pancreas (24) (Table IV). Neither had an 
appreciable effect on the apparent folinic acid content of the liver. Similar 
experiments with a yeast extract established the activity of the enzyme 
preparations in increasing the microbiological potency of the yeast. 

The liver powder was not significantly superior to an equivalent quantity 
of folinic acid in prevention of the effects of Compound 50-197 on S. fae- 
calis (Table V). 

DISCUSSION 


Although the biological activities of the 2,4-diaminopyrimidines may be 
related to antimetabolite effects in the folic-folinic acid system, the relative 
potencies of closely related compounds vary markedly from biological sys- 
tem to biological system and depend on apparently minor features of the 
fine chemical structure. The significance of various chemical features for 
antimalarial activity has been discussed elsewhere (6-9). Further exam- 
ples may be drawn from the experiments reported herein. Thus the 
5-phenoxypyrimidines are more potent than the 5-benzyl- and 5-pheny!- 
pyrimidines when L. casei is the test organism and activity is generally 
diminished by 6-alkylation. The 5-phenylpyrimidines, on the other hand, 
are more potent than the other groups when tested against L. citrovorum, 
and in this instance activity is enhanced by 6-alkylation and increases 
progressively with increasing length of the alkyl chain. A sharp separation 
of antimalarial and antibacterial 5-benzylpyrimidines dependent on the 
substituent of the benzene nucleus was noted previously (9). In general 
an electronegative substituent gives rise to antimalarial activity, while 
compounds substituted with alkoxy! groups are inactive as antimalarials 
but active chemotherapeutically against various bacteria.4 An even more 
striking example of biological specificity is found in the difference bet ween 
the 5-(4’-chloropheny]) and 5-(3’ ,4’-dichloropheny!l)pyrimidines. Thus, as 
has been shown, it is possible to produce signs of folic acid deficiency in 
the growing rat with Compound 50-63. However, this requires a rela- 
tively high level and essentially continuous administration of the com- 
pound. In the dichloropheny! series, e.g. Compound 50-197, single doses 
may elicit similar signs. The latter compound, with only a few small 
doses, produces a megaloblastic bone marrow and other symptoms in dogs 
essentially the same as those caused by 4-aminofolic acid analogues (25, 
26). Moreover, the dichloropheny! derivatives have antileucemic (27) and 
oncolytic activities (28) not possessed by the p-chloropheny] derivatives. 

The possibility would exist, on the basis of the growth experiments with 


‘ Bushby, S. R. M., Faleo, E. A., Hitchings, G. H., and VanderWerff, H., to be 
published. 
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Compound 50-63, that the folic acid deficiency might be the result of an 
indirect effect on the intestinal flora. However, the effectiveness of folinic 
acid and the inactivity of folic acid in the prevention of the deficiency state 
would appear to argue against this possibility. ‘The demonstration of anti- 
dotal activity of the vitamin at higher levels of antagonist would further 
support the negative view and such experiments are in progress. Perhaps 
the best evidence, available at the moment, for a direct metabolite compe- 
tition is the rapidity with which Compound 50-197 can produce signs of 
the deficiency state, a much shorter interval than is required after exclusion 
of folic acid from exogenous sources. 

Whether the metabolite with which the pyrimidines are competing is 
identical with the synthetic folinie acid is a question which cannot be an- 
swered with assurance on the basis of the evidence at present available. 
Both liver powder and autolyzed yeast have protective effects far greater 
than would be expected on the basis of their contents of folinie acid. This 
might point to a difference in biological response between natural and syn- 
thetic cztrovorum factor (29), but might be interpreted as a sign of a mul- 
tiple deficiency state or the presence of secondary reversing factors in the 
natural products. Various experiments with combinations of vitamins and 
other metabolites as well as further investigations of the citrovorum factor 
of liver powder may provide an answer to this question. 

The microbiological data suggest some interesting differences in the me- 
tabolism of folic acid and citrovorum factor by various bacteria. Thus the 
5-phenylpyrimidines are competitive antagonists of folic and folinic acids 
in L. casei growth and of folinic acid in the growth of L. citrovorum, but in 
S. faecalis growth their effects are not prevented by folic acid, and folinic 
acid is effective only over a narrow range of concentration. The results 
with the latter organism suggest that the antimetabolite may interfere with 
the conversion of folic acid to citrovorum factor (30). However, one must 
conclude from the results with L. casei either that no such interference 
vecurs or that cztrovorum factor as such is not required in the metabolism 
of this organism. 

The réle of the diaminopyrimidines as chemotherapeutic agents against 
plasmodia and toxoplasma (31) presumably is to be attributed to their 
activities as antimetabolites of the folic-folinic acid series of vitamins. As 
evidence of their participation in this biochemical pathway there may be 
cited the synergism between these drugs and sulfonamides.® Furthermore, 
a partial reversal of the effects of one compound on plasmodia by folic acid 
has been reported (11). No clear cut evidence of a reversal of antimalaria) 
effects by folinic acid has been found. However, this may be interpreted 


5 Eyles, D., personal communication. 
® Goodwin, L. G., and Rollo, I. M., personal communication. 
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as a function of the high affinity of the compound for the tissues or apo- 
enzyme of the particular species. By way of analogy, it is possible to view 
certain arsonic acids as antagonists of p-aminobenzoic acid which are much 
more active in the displacement of the metabolite in trypanosomes than in 
other species (32). Similarly p-aminosalicylic is a competitor of p-amino- 
benzoic acid, which is highly effective in the tubercle bacillus (33) but rela- 
tively inactive in other species. 

The diaminopyrimidines may be viewed as structural analogues of folinic 
acid of a remote sort, possessing in common with the metabolite the 2,4- 
disubstituted pyrimidine and the benzene rings and a similar over-all geo- 
metrical configuration. Minor changes in their fine chemical structure 
may adapt them to close approximations of the geometry and distribution 
of charge on protein surfaces of particular species and tissues. An ana- 
logue more nearly related structurally to the metabolite would be less 
capable of species differentiation, because it would possess a greater num- 
ber of structural features and active centers, which are points of union 
common to the receptors of all species, and it would be these, rather than 
minor or incidental differences in chemical structure, which would prima- 
rily determine the dissociation of the cell receptor-analogue complex. In 
this view, therefore, the successful application of antimetabolites to prob- 
lems of chemotherapy is dependent for success on a differential affinity of 
antimetabolite for the receptors of the parasite owing to details of structure 
in parasite and host which are largely indefinable and unpredictable. The 
results of such differences in fine structure, however, are reflected in the 
chemotherapeutic indices of the analogues in question, and these in turn 
may be correlated with certain features of chemical structure and thus 
developed within the limitations allowable by the chemical type in ques- 
tion. The diaminopyrimidines are particularly suitable for these adapta- 
tions because of the high degrees of specificity attainable through modifica- 
tions of the substituents of the pyrimidine 5 and 6 positions. 


We are indebted to R. Jacobs and 8. Singer for some of the microbio- 
logical experiments, and to Dr. T. H. Jukes for the gift of the calcium 
Leucovorin used in this work. 


SUMMARY 


5-Benzyl-, 5-phenoxy-, and 5-phenyl-2 ,4-diaminopyrimidines are power- 
ful antagonists of folic or folinic acids in various biological systems. With 
Lactobacillus casei the compounds are competitive antagonists of folic acid 
and with Leuconostoc citrovorum of folinic acid. The growth of Strepto- 
coccus faecalis is prevented when the molar ratio of pyrimidine to folic acid 
is of the order of sixteen to one, whereas much higher concentrations of the 
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inhibitor are required to prevent growth with folinic acid. These facts 
suggest that the pyrimidine may interfere with the conversion of folic to 
folinic acid in S. faecalis. 

The toxic symptoms of 5-p-chlorophenyl-2 , 4-diamino-6-ethylpyrimidine 
(Compound 50-63) in the rat are similar to those of folic acid deficiency 
produced in other ways. ‘The toxicity is prevented by simultaneous admin- 
istration of folinic but not of folic acid. However, the 70 per cent alcohol- 
insoluble fraction of liver is relatively much more effective than synthetic 
folinic acid. 

The réle of the diaminopyrimidines as chemotherapeutic agents is dis- 
cussed in relation to their activities as antimetabolites. 
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In the course of experiments on amino acid synthesis in growing yeast 
with glucose-1-C'™ as a substrate it became desirable to determine whether 
exposure to the enzyme systems of yeast would result in a redistribution 
of the isotopic label in glucose. It was felt that, with the aid of such infor- 
mation, the isotope distribution in the various cell constituents which 
are derived from glucose or products of glucose metabolism could be more 
readily interpreted. The glucose of the yeast polysaccharides represents 
for this purpose a suitable sampling of the sugar which is available to the 
cell during growth. Accordingly, glucose was isolated from a hydrolysate 
of the yeast polysaccharides and was then degraded to ascertain the dis- 
tribution of isotope within the molecule. 

In order to gain information concerning the over-all pathways of glucose 
metabolism in yeast, respiratory CO. was collected at several intervals 
during the experiment. Also, acetic acid was isolated from the medium 
at the conclusion of the growth period. 


EXPERIMENTAL 


The yeast (Saccharomyces cerevisiae) was grown on a synthetic medium 
containing glucose-1-C'™ as its principal carbon source. Acetate-1-C™ was 
included in the medium to duplicate previous experimental conditions and 
to serve as an indicator of C2 metabolism. ‘The composition of the medium 
with respect to minerals, vitamins, citrate buffer, and inositol has been 
described previously (1). 

Materials—Acetate-1-C" was prepared according to Weinhouse, Medes, 
and Floyd (2). 


Glucose-1-C'4 


NaC'N was prepared from BaC'QO; according to the procedure of 
Abrams (3), with the modification that the reduction of C"O, with Mg 
powder was followed directly by treatment with NH; without isolation 
of the carbon. This modification results in a somewhat lower yield of 


* Supported by a grant-in-aid from the Nutrition Foundation, Ine. 
t Present address, New York University College of Medicine, 477 First Avenue, 
New York. 
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eyanide (51 to 73 per cent) but offers the advantage of diminishing the 
manual handling of the radioactive materials. 

2 mm of NaC™N containing 1.43 mc. were converted to HC™N, con- 
densed with arabinose, and hydrolyzed to a mixture of gluconic and man- 
nonie acids according to Koshland and Westheimer (4). The epimers 
were separated by the addition of carrier calcium gluconate which was 
slowly crystallized from the mixture over a period of a week. The cation 
was removed as calcium oxalate and the resulting gluconic acid was con- 
verted to the 6-lactone which was then reduced to glucose (4). Carrier 
glucose was added to the hydrogenated material and the glucose was 
crystallized from glacial acetic acid. More carrier was added to the mother 
liquor and the resulting second batch was recrystallized twice from glacial 
acetic acid. ‘The combined product (1.98 gm.) contained 0.1 me. of C™, 
representing an over-all radiochemical yield of 7 per cent based on NaC¥N, 

In order to test for contamination with mannose, carrier mannose was 
added to an aliquot of the product and recovered as mannose hydrazone. 
This was recrystallized three times. The specific activity of the mannose 
hydrazone decreased with each recrystallization. From the data obtained, 
it can be calculated that the glucose-1-C™ was contaminated by less than 
0.5 per cent of labeled mannose. 

Since fructose is not a likely by-product in the synthesis, the radio- 
chemical purity of the glucose could be checked by preparation of the 
osazone. After dilution of the glucose-1-C™ with 98 gm. of glucose, the 
average specific activity determined on duplicate samples was 840 and 
820 c.p.m. ‘Two separate samples of glucosazone were prepared. Their 
specific activity corresponded to 820 and 760 c.p.m. in the glucose moiety. 

The conditions for growth of the yeast, harvesting of the cells, and ex- 
traction of the lipides and protein have been previously described (1). 

Tsolations—The yield of yeast obtained from 2 liters of medium was 10.0 
gm. After removal of lipides and protein, the residue weighed 4.3 gm. 
and was composed largely of insoluble polysaccharides. An aliquot (1.08 
gm.) was treated under a reflux for 2 hours with 30 ml. of 1 N HCl. In- 
soluble material (361 mg.) was removed and the resulting filtrate was 
passed successively through a bed of acid-washed Dowex 50 (6.5 & 1.8 
em.) and a bed of Duolite A-2 (14 X 1.8 em.) which had been activated 
with 4 per cent NaeCO;. A small portion of the resulting solution was 
analyzed for hexose content according to Nelson (5) and another aliquot 
was taken to dryness and weighed. The solution contained 362 mg. of 
solids of which 290 mg. were hexose. After concentration in vacuo to 
10 ml., the solution was qualitatively examined for sugar content by paper 
chromatography. Only glucose and mannose were found to be present. 
It was decided to remove mannose as the highly insoluble hydrazone and 
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to convert the glucose hydrazone, which would be formed simultaneously, 
further to glucosazone. ‘To 5 ml. of the sugar solution were added 5 ml. 
of a solution containing 930 mg. of phenylhydrazine acetate. The mixture 
was warmed to 35° and permitted to stand at room temperature for 1 hour. 
After removal of the crystalline mannose hydrazone, the solution was kept 
at 100° for 2 hours and then placed in the ice box overnight. Yield of 
glucosazone, 31 mg.; decomposition point, 207—207.5°. The mannose hy- 
drazone was recrystallized from pyridine and hot alcohol and then con- 
verted to glucosazone by being heated under a reflux for 1 hour with a 
solution containing 4.5 ml. of water, 0.6 ml. of glacial acetic acid, and 1 ml. 
of phenylhydrazine. Yield of glucosazone, 59 mg.; decomposition point, 
204-206°. 
Degradation of Glucosazone 


The glucosazones obtained from both glucose and mannose were de- 
graded with periodate according to the procedure of Topper and Hastings 
(6). Positions 1, 2, and 3 were split off as the 1 ,2-bisphenylhydrazone 
of mesoxaldehyde. Carbon atoms 4 and 5 yield formic acid and (Cg is 
converted to formaldehyde. After removal of the 1 ,2-bisphenylhydra- 
zone of mesoxaldehyde, the reaction mixture was made alkaline with NaOH 
and the formaldehyde was removed by distillation in vacuo. It was con- 
verted to the 2,4-dinitrophenylhydrazone which was purified by passage 
through an alumina column and by repeated recrystallizations from water- 
alcohol. Pirie’s reagent (7) was used to convert the formic acid to CO, 
after the reaction mixture had been adjusted to pH 3 with glacial acetic 
acid. The C™ concentrations of the fractions are given in ‘Table IT. 


Respiratory CO, and Acetate 


At arbitrary intervals during the growth period samples of the respira- 
tory COz were collected by inserting a trap containing baryta between the 
growth tank and the vacuum line. The air which was aspirated through 
the growth medium was freed of CO, by passage through a sintered glass 
disk placed in a KOH trap. 

The recovery of the acetate from the medium as the silver salt has been 
described in a previous paper (1). 

For isotope analysis samples were converted to COs by ignition in a 
stream of O2 in a micro combustion apparatus. For C™ determinations 
BaCO; samples were centrifuged into cups 3.47 sq. cm. in area. The 
samples were counted with a flow gas counter for a sufficient length of time 
to insure a probable error, due to the counting, of less than 3 per cent. 
Counts were corrected for thickness according to the method of Reid (8) 
and results are given as counts per minute of infinitely thick samples of 


¢ 

» 

' 


60 UTILIZATION OF GLUCOSE-I-c™ BY YEAST 


BaCO;. For C® determinations the BaCO; samples were converted to 
COs in a vacuum system according to Rittenberg (9) and the isotope con- 
centrations were determined in a mass spectrometer. 


RESULTS AND DISCUSSION 


In Table I are given the isotope concentrations in the glucose added to 
the medium and in the glucose and manncse isolated from the yeast poly- 
saccharides. These three values are identical within the limits of experi- 
mental error and hence the utilization of glucose-1-C™ in growing yeast 
proceeds without a change in the average specific activity of the glucose. 

There are now two well established pathways for the metabolism of 
glucose to smaller units: the glycolytic cycle and the oxidative breakdown 


TABLE I 
Growth of Yeast on Glucose-1-C'* and Acetate-1-C™ 


47 hours aeration; 2 liters of medium; 100 gm. of glucose-1-C'*; 54.3 mM of ace- 


Cellular and medium constituents C.p.m. Atom per cent excess C' 


Medium | 
| 810 | 0 

Polysaccharide | | 
Glucosazone derived from glucose...... 255 0.01 + 0.01 

“mannose .... 268 0.01 + 0.01 


by way of 6-phosphogluconic acid (10-13). The glycolytic cycle acting on 
glucose-1-C™ provides for equilibration of positions 1 and 6 in the presence 
of triose isomerase but not for a reduction of the average specific activity. 
On the other hand, if, as suggested by recent evidence, the decarboxylation 
of 6-phosphogluconic acid is reversible (14), then the pentose shunt path- 
way might lead to glucose of lowered average specific activity by fixation 
of COs which had been diluted with CO, produced from the non-labeled 
carbons of the glucose. From the data in Table I it would appear that a 
pentose shunt, followed by resynthesis of hexose, is not a major pathway of 
yvlucose metabolism in growing yeast. Earlier studies on amino acid syn- 
thesis had indicated that growing yeast converts glucose extensively to 
acetate but that under these conditions little acetate carbon is incorporated 
into glucose (1). This irreversibility is more directly shown by the present 
experiments. The glucose and mannose from cells which had been growin 
in the presence of C®-acetate (10.4 atom per cent excess C®) contained no 
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significant excess of C". This finding is in marked contrast to the utiliza- 
tion of acetate for glucose synthesis in “‘resting yeast,’”’ observed by White 
and Werkman (15). These investigators found that in yeast, which was 
aerated in the presence of acetate as the sole carbon source, the hexoses 
from the polysaccharides contained about 5 per cent as much C" as the 
udded acetate. 

In Table Il are presented the results obtained on degradation of the 
glucosazones which were derived from the glucose and mannose of the 
yeast polysaccharide. ‘The pattern of isotope distribution in the two sug- 
ars appears to be similar. The bulk of the C™ is found in the fraction 
representing positions 1,2, and 3. Of these presumably only C;, is labeled. 
Some 3 to 5 per cent of the isotope appears in position 6. This transfer 
of C' from position | to 6 is consonant with the operation of the glycolytic 


II 
Degradation of Glucosazones Derived from Glucose and Mannose 

Glucose | Mannose 

c.p.m | c.p.m. 

1,2-Bisphenylhydrazone of mesoxaldehyde (C;, 2,3)... ... 313 296 
2,4-Dinitrophenylhydrazone of formaldeliyde* (C,)... .. 23 31 
Positions 1, 2, 3 (total activity)........................ | 4700 . 4440 


* The melting points of the hydrazones derived from position 6 of glucose and 
mannose were 160-163° and 157-162°, respectively. 


cycle. Unless there exist other reactions which would lead to the incor- 
poration of isotopic carbon into position 6, this value of 3 to 5 per cent may 
be taken as a measure of the degree of resynthesis of hexose from triose 
under the conditions of the present experiment. The small amount of 
C* found in positions 4 and 5 may be in part an artifact of the method of 
degradation. Some formaldehyde derived from position 6 may have been 
converted to the formic acid obtained from positions 4 and 5. 

Slein (16) has investigated the properties of a phosphomannose isomerase 
isolated from rabbit muscle. The enzyme, in the presence of phospho- 
glucose isomerase, converted mannose-6-PO, to an equilibrium mixture 
of glucose-6-PO, and fructose-6-PO,. The similarity in the isotope values 
for mannose and glucose suggests that in yeast this interconversion of the 
hexoses occurs without breakdown to smaller units. 

The difference between the C“ content of positions 6 of mannose and 
glucose is greater than the experimental error of the method. This dif- 
ference would be readily explained if mannose of yeast were derived from 
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fructose-6-PO, rather than from glucose-6-PO,. Fructose-6-PO, is closer 
to the triose stage and in the present experiment, presumably, has a greater 
isotope concentration in position 6 than glucose-6-PQ,. 

Cohen (17) has shown that in Escherichia coli grown aerobically on a 


III 


Isotope Concentration in Respiratory CO, Formed from C'*-Glucose (810 C.p.m.) and 
Acetate (10.4 Atom Per Cent Excess C*) 


C.p.m. corrected for C" 


Hrs. C.p.m. Atom per cent excess content 
2.3 208 0.14 211 
22.5 108 0.13 110 
31.4 470 2.21 578 
43.8 563 2.32 709 
2.50 123 443 

$ 200!- 

x= 

2 

2 

280 

Te) 

50/163 
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HOURS 
Fic. 1. Growth curve (acid production) and formation of CO, by yeast with 
glucose-1-C** (946 c.p.m.) as sole substrate. The numerical values recorded directly 
on the curve are the radioactivities in counts per minute of the CO, collected during 
the indicated time intervals. 


medium containing glucose-1-C™ as the carbon source the specific activity 
of the respiratory CO, is somewhat greater than the average specific ac- 
tivity of the glucose. This observation indicates that in this organism 
the metabolism of glucose may proceed in part by way of the pentose 
shunt. On the other hand, as can be seen from the data in Table ITI, in 
growing yeast the specific activity of the respiratory CO, is at all times 
lower than that of glucose. In a second experiment, to be described in 
greater detail in a subsequent paper, citrate buffer and C"-acetate were 
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omitted from the medium and hence glucose-1-C™ was the only carbon 
source for the growing cells. The pH of the culture was maintained be- 
tween 5 and 5.4 by intermittent addition of ammonia. In this experiment 
large scale production of CO, began only after 24 hours, presumably because 
the inoculum consisted of only a few cells. In Fig. 1 the logarithm of the 
quantity of ammonia needed to maintain the pH is plotted against time. 
The plot, which is a measure of acid production, resembles a typical growth 
curve with induction period, logarithmic growth, and lag phase. The C™ 
content of the respiratory CO, during the indicated periods of collection 
is recorded directly on the curve. Even the maximum C" value was only 
about half of that in glucose. No COs, was collected during the induction 
period. ‘The low values obtained during the log phase suggest that in the 
experiment recorded in Table IIL the production of CO, with low radio- 
activity occurred also during the logarithmic phase of growth. These 
results indicate that a preferential conversion of C, of glucose to COs, 
which is demonstrable in EF. coli, does not take place in growing yeast, 
and therefore in this organism the hexose-monophosphate shunt cannot 
be a major pathway of glucose dissimilation. Further evidence for this 
view can be found in the isotope concentration of the acetate produced 
from glucose-1-C™. As shown in Table I, the acetate isolated from the 
medium had a specific activity of 800 ¢.p.m. and contained 3.15 atom per 
cent excess C®, After correction for the C™ content, the activity of the 
acetate produced by the cell is calculated to be 1150 ¢.p.m. The theo- 
retical value for acetate formed exclusively by glycolysis of glucose-1-C™ 
having an average specific activity of 810 ¢.p.m. is 810 & $ or 1215 ¢.p.m. 
Thus, there was no significant dilution of glycolytically produced acetate 
by unlabeled acetate which would result from the pentose shunt pathway. 
It should be pointed out that the acetate data have no direct bearing on 
the hexose-pentose conversion, but provide evidence against the formation 
of acetate from pentose which in the present experiments would be un- 
labeled. 
SUMMARY 


Yeast was grown on a medium containing glucose-1-C™ and acetate- 
1-C® as carbon sources. Acetate carbon was not incorporated into glucose 
under these conditions. 

Mannose and glucose were isolated as the osazone from the cellular 
polysaccharides. The distribution of labeled carbon which was found in 
the hexoses suggests that mannose is derived directly from glucose rather 
than by synthesis from smaller units. 

Evidence is presented to suggest that the glucose monophosphate shunt 
is not a major pathway of glucose dissimilation in growing yeast. 
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NUCLEOTIDE IN THE OXIDATION OF PYRUVATE* 
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(Received for publication, June 2, 1952) 


The oxidation of pyruvate, catalyzed by the pyruvic oxidase of pigeon 
breast muscle (2), yields active acetate. Evidence in support of this is 
(a) the synthesis of acetyl sulfanilamide in the pigeon liver acetylation 
system (3, 4) and (6) formation of acetyl! phosphate in the phosphotrans- 
acetylase system (5) from pyruvate. In bacterial preparations, also, py- 
ruvate forms active acetate, as shown by the coupled synthesis of either 
acetyl phosphate or citrate (6). CoA! is essential for the above reactions, 
and it has been inferred that the active acetate is acetyl CoA. However, 
acetyl CoA was not isolated from the reaction mixture. Since relatively 
crude preparations of enzymes, either of pyruvic oxidase or of auxiliary 
enzymes, were used in these studies, the possibility that the first product 
of pyruvate oxidation is some other compound which is subsequently con- 
verted to acetyl CoA is not excluded. 

We have studied the primary oxidative reaction which can now be for- 
mulated as follows: 


Pyruvate + DPN* + CoA -> acetyl CoA + DPNIL + CO; + H* (1) 
Results 


Spectrophotometric Demonstration—The purified pyruvic oxidase of pigeon 
breast muscle catalyzes the reduction of DPN by pyruvate in the presence 
of CoA (Fig. 1, Curve 1). On adding lactic dehydrogenase, the optical 
density at 340 my decreases as a result of reoxidation of DPNH by py- 
ruvate. Owing to the difficulty of removing traces of lactic dehydrogenase 
from pyruvic oxidase, a different system has been devised for following 
pyruvate oxidation. Pyruvate is produced by the oxidation of lactate 
(Reaction 2) catalyzed by lactic dehydrogenase. 


Lactate + DPN* — pyruvate + DPNH + H* (2) 


* Aided by a grant from the American Heart Association. A summary of this 
work has been reported previously (1). 

t Fellow of the National Cancer Institute, National Institutes of Health. Present 
address, Medical Corps, United States Naval Reserve. 

' The following abbreviations will be used in this paper: CoA, coenzyme A; DPN, 
diphosphopyridine nucleotide; DPNH, reduced DPN; TPN, triphosphopyridine 
nucleotide. 
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After equilibrium is reached, as shown by the constant optical density at 
340 my, pyruvic oxidase is added to start the oxidation (Fig. 1, Curves 2 
and 3). The over-all reaction is represented by Reaction 3, which is the 


Lactate + 2DPN* + CoA — acetyl CoA + 2DPNH + CO, + 2H* (3) 


sum of Reactions land 2.) The rate of DPN reduction is high initially but 
declines rapidly when the available CoA is utilized. Addition of phospho- 
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hig. 1. Reduction of DPN by pyruvate and CoA. Experimental conditions, 
Curve 1, Li pyruvate (15 um), DPN (0.3 um), cocarboxylase (100 y), MgCl. (20 uM), 
cysteine (50 um) and CoA (30 units) in 3.0 ml. of 0.03 Mm phosphate, pH 6.0. Curve 
2, Na lactate (250 um), DPN (0.7 um), cocarboxylase (100 y), MgCl. (20 um), cysteine 
(50 um) and CoA (37 units) in 3.0 ml. of 0.015 M pyrophosphate, pH 8.5. Curve 3, 
as Curve 2, except for CoA (110 units). Lactic dehydrogenase (LD), 13 units of py- 
ruvie oxidase (PO), phosphotransacetvlase (TA), and 50 uw of arsenate (A) were 
added at intervals as shown. 


transacetylase (7) increases the rate markedly due to acetyl phosphate 
formation (Reaction 4), and the resultant liberation of CoA which can 


Acetyl CoA + phosphate — acetyl phosphate + CoA (4) 


recycle in Reaction 1. As expected (7), addition of arsenate further in- 
creases the rate of DPN reduction by promoting acetyl phosphate break- 
down to acetate and phosphate. ‘The change in optical density produced 
by the addition of pyruvic oxidase (corrected for the slow continued DPN 
reduction, indicating, perhaps, non-enzymatic liberation of CoA from acetyl 
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CoA), is proportional to CoA added. It must be noted that one-half of 
the DPN reduced at this stage is involved in the oxidation of lactate to 
pyruvate. In order to satisfy the requirements of Reaction 3, as much 
lactate is oxidized as the pyruvate which disappears. 

TPN will not replace DPN in pyruvate oxidation, and pantetheine’ 
(synthetic Lactobacillus bulgaricus factor) (8), at levels of 6.7 K 10°° M 
or lower, will not replace CoA. Protogen B* (9), a-lipoie acid® (10), and 


TABLE | 
Stoichiometry of Reaction of Pyruvate with DPN and CoA 


A in micromoles. 


Experiment No. Pyruvate | —SH Active acetate DPNH 

—2.9 | —2.5 | +2.4 +1.9 

2 | —7.3 +6.6 +12.6 


Experiment 1- CoA (8 mg. or 1800 units at pH 6.5) and sodium borohydride (20 
uM) in 1.0 ml. were heated for 1 minute in boiling water. The mixture was cooled 
in an ice bath and the excess borohydride decompesed by adding 0.2 ml. of 1 per 
cent acetic acid. Phosphate (50 um), MgCl. (20 um), cocarboxylase (40 7), pyruvate 
(30 um), and DPN (3 uM) were added. Final volume 3.0 ml., pH 6.0. The initial 
concentration of the components listed in Table I was determined and the reaction 
started by adding 26 units of pyruvic oxidase. After incubation at 37° for 5 min- 
utes in an atmosphere of N2, the mixture was reanalyzed. For DPNH assay the 
enzyme was inactivated with methanol. Active acetate is measured by the hy- 
droxamie acid reaction (12). 

Experiment 2—-CoA (17 mg. or 6000 units) was reduced with 30 um of borohydride 
in 1.5 ml. as in Experiment 1. pi-Lactate (100 wm), MgCl, (20 um), cocarboxylase 
(40 y), DPN (15 uo), lactic dehydrogenase and pyrophosphate (100 um) were added 
in a total volume of 3.2 ml., pH 8.5. The oxidation was started by adding 9 units 
of pyruvic oxidase. Incubated 70 minutes at 37° in No». At 20 minutes and 40 min- 
utes, 9 units of pyruvic oxidase were again added since itis inactivated under these 
conditions. 


a boiled extract of a-ketoglutaric oxidase containing protogen presumably 
in coenzyme form (11) were also inactive. 

Stoichiometry—The data on the stoichiometry of the reaction are pre- 
sented in Table I. Lynen et al. (13) have found that the reactive group 
of CoA in acetyl CoA formation is the sulfhydryl. Our results also show 
that for every mole of active acetate formed (shown by the reaction with 
hydroxylamine) 1 mole of —SH disappears. The results shown in Ex- 
periment 1 are consistent with the requirements of Reaction 1, while the 
data of Experiment 2 satisfy the requirements of Reaction 3. The slightly 


? Kindly supplied by Dr. F. M. Strong. 
3 We are indebted to Dr. T. Jukes for the protogen and to Dr. L. J. Reed for the 
a-lipoic acid. 
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lower DPNH in Experiment 1 may be due to its reoxidation catalyzed by 
contaminating traces of lactic dehydrogenase. 

Isolation of Acetyl CoA—The remainder of the reaction mixture of Ex- 
periment 2, Table I, was acidified with hydrochloric acid to pH 3.0, and 
nearly saturated with ammonium sulfate (50 gm. per 100 ml.). The 
solution was extracted five times with equal volumes of a phenol-benzy| 
alcohol mixture (3:1). Each time the mixture was centrifuged to separate 
the layers. The clear phenol-benzyl alcohol solution was dried for 30 
minutes over anhydrous Na,SQO,, 2 volumes of chloroform were added, and 
the mixture extracted three times with 0.2 volume of water. The com- 
bined aqueous solution was extracted five times with chloroform to remove 
phenol and then lyophilized. The residue weighed 10 mg. and contained 


TaBLe II 

Synthesis of Citrate from Isolated Active Acetate 

Active acetate added (hydroxamic acid) Citrate formed 

0.20 0.18 
0.30 | 0.30 
0 | 0 
0.20 (No condensing enzyme) 0 


The complete system contained 25 um of potassium phosphate buffer, pH 7.4, 
4 um of MgCl., 10 ue of cysteine, 5 um of oxalacetate, active acetate, and condensing 
enzyme. Final volume 1.0 ml., incubated 15 minutes at 25°. Other details as 
in Stern et al. (14). 


0.34 um of active acetate (hydroxamic acid reaction) per mg. (purity ap- 
proximately 28 per cent, assuming the molecular weight of CoA to be 767). 
The active acetate was identified as acetyl CoA by citrate formation in the 
presence of condensing enzyme (14). The citrate formed was equivalent 
to the potential hydroxamic acid (Table II). 


DISCUSSION 


By the use of highly purified pyruvic oxidase and stoichiometric amounts 
of CoA, it has been possible to study the oxidation of pyruvate to acety! 
CoA uncomplicated by secondary dismutation and condensing reactions 
as in previous studies (4-6, 15). From these results, it may be concluded 
that DPN and CoA are the prosthetic groups of pyruvic oxidase. In ad- 
dition previous work from this laboratory (2, 3) has shown that Mg** 
and cocarboxylase are also required for pyruvate oxidation. The function 
of protogen (thioctic acid) present in large amounts in pyruvic oxidase (2) 
is not known. The mechanism of pyruvate oxidation involving the four 
known cofactors may be postulated as shown in the accompanying dia- 
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, gram. ‘The compounds within brackets may be complexes with enzyme. 
The initial decarboxylation resulting in the formation of an acetaldehyde- 


O O 
+ 
CH,--C-—-COOH — LCH:—C—Hj + CO; 


cocarboxylase 


Noa 


CH OH—-CO— Ol 


CH;:—C-—-S—-R 
H 
O | + DPN 


CH;—-C—-SR + DPNH + H* 
(RSH = CoA) 
enzyme complex and leading to acetoin formation as a side reaction has 
been previously discussed (4, 16). Lynen eft al. (13) have also considered 


the possibility of condensation of CoA with the carbonyl! group of pyruvate 
or acetaldehyde before oxidation. 


EXPERIMENTAL 


Methods—The reduction of DPN was followed in the Beckman DU 
spectrophotometer at 340 mu. DPNH was estimated in the chemical 
balance studies (Table I) by reoxidation with acetaldehyde and alcohol 
dehydrogenase (17). Pyruvate was analyzed as the 2,4-dinitrophenyl- 
hydrazone (18) and —SH by the nitroprusside reaction (19) modified 
for use in the Beckman spectrophotometer. CoA was estimated by ar- 
senolysis in the phosphotransacetylase system (7) or by measuring the 
rate of DPN reduction in the presence of the a-ketoglutaric oxidase system 
(1, 20) and succinyl CoA deacylase (5).' 
Preparations—The preparative methods used were as follows: lithium ‘ 
pyruvate (21), alcohol dehydrogenase (17), condensing enzyme (14), lactic 1 
dehydrogenase (22), and CoA (23). DPN (about 90 per cent pure) was 
supplied by Pabst Laboratories. 
Pyruvic oxidase was prepared by a modification of the method of Jagan- 
nathan and Schweet (2). The preparation at the Fraction 3 stage was 
diluted with 0.05 mM phosphate so that the protem concentration was about 
. 30 mg. per ml. The pH of the solution was taken to 5.9 with 1 per cent 
acetic acid and the precipitate removed. The supernatant was adjusted to 
: pH 7.2 and 23 gm. of ammonium acetate were added per 100 ml. of solution. ‘ 


* Unpublished method of R. W. Von Korff. 
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After standing in an ice bath for 10 minutes, the precipitate was collected 
by centrifuging for 5 minutes at 18,000 * g. The precipitate was dis. 
solved in 0.01 mM phosphate buffer, pH 7.2, dialyzed against the same buffer 
for 6 hours, and the small precipitate removed. The activity of the oxidase 
prepared by this method was between 15 and 25 units per mg. of protein, 


SUMMARY 


The single step oxidation of pyruvate by DPN in the presence of CoA 
has been studied. The product of the reaction was isolated and shown 
to be acetyl] CoA. Thus, at least four cofactors are required for pyruvate 
oxidation; namely, DPN, CoA, Mgt’, and cocarboxylase. 


“he authors appreciate the continued interest and encouragement of 
Dr. David E. Green as well as the technical assistance of Mrs. Alfons 
Hilbe.‘ in this study. 
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THE VAPOR PRESSURE OF AQUEOUS SOLUTIONS OF 
ALANINE 


By R. A. ROBINSON 
(From the Chemistry Department, University of Malaya, Singapore) 


(Received for publication, June 12, 1952) 


Using the isopiestic method, Smith and Smith (1) measured the vapor 
pressure of aqueous alanine solutions at 25° as part of a study of the ther- 
modynamics of amino acids; later (2) the vapor pressures of solutions of the 
optically active isomers and of the racemate were measured and it was 
found that, if there were any difference in vapor pressure, it did not exceed 
0.0017 mm. of Hg. Dr. F. J. Gutter and Dr. G. Kegeles have recently 
prepared DiL-alanine in a high grade of purity for diffusion studies, and I 
have been able to make further isopiestic measurements, using a portion 
of this preparation. Samples of D-alanine and L-alanine were obtained 
from Dr. J. P. Greenstein, who had prepared them by the method of en- 
zymatic resolution (3), and I have now made another comparison of the 
vapor pressure of their solutions. 

The isomers were dried in vacuo over calcium oxide at 100°. The 
racemate was dissolved in water and the vapor pressure measured by the 
isopiestic method relative to a solution of sucrose made from analytical 
reagent grade material dried under the same conditions as the alanine. 
The curve of the isopiestic ratio (R = ms/m,a where ms is the molality of 
sucrose solution and m, that of alanine of the same vapor pressure) versus 
ma being a simple one, eight careful measurements at different concentra- 
tions were found to define the curve adequately and to confirm the earlier 
measurements of Smith and Smith, their data being somewhat scattered 
but nevertheless in agreement with the new data. Table I gives the ex- 
perimental data from which the osmotic and activity coefficients, g and y 
respectively, each on the practical or molality scale, shown in Table IT, 
have been calculated. These differ from the values of Smith and Smith 
more than do the isopiestic ratios because in the calculation I have used 
more recent values of the osmotic coefficient of the reference solute, su- 
crose (4). A notable feature of these results is the closeness of the activ- 
ity coefficient to unity; 7.e., alanine is behaving as an almost ideal solute. 
If the “rational” activity coefficient (in terms of mole fraction) is calcu- 
lated from the ‘“‘practical” (in terms of the molality), it is found that the 
former, which is the true basis for assessing an ideal solution, is less than 
1.010 up to 0.7 molal and even at 1.5 molal is only 1.037. 

On the left half of Table III are given the results of some experiments in 
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VAPOR PRESSURE 


which solutions of the three isomers were equilibrated to the same vapor 
pressure; from these results I have calculated the difference in vapor pres- 


sure of solutions of the same concentration. 


The maximum difference 


in vapor pressure is only 0.0009 mm. of Hg, the average over six measure- 


TABLE | 
Molality of Isopiestic Solutions of pi-Alanine and Sucrose at 25° 
Alanine | Sucrose R 
0.3375 | 0.3285 0.9733 
0.5369 | 0.5141 0.9575 
0.7196 | 0.6812 0.9466 
1.026 | 0.9503 0.9262 
1.336 1.212 0.9072 
1.526 1.369 0.8971 
1.736 1.540 0.8871 
1.903 | 1.678 0.8817 
TABLE II 
Osmotic and Activily Coefficients of Alanine at 25° 
Molality | | | Molality | 7) 
0.1 | 0.999 | 0.999 | | eS | 1.004 1.002 
0.2 0.999 0.998 | 1.2 1.005 | 1.004 
0.3 0.999 0).997 1.3 | 1.006 1.005 
0.4 0.999 0.997 | 1.4 | 1.008 | 1.007 
0.5 0.999 0.997 1.5 | 1.010 1.010 
0.6 (0.999 0.997 1.6 1.011 | 1.012 
0.7 1.000 0.998 | t.7 | 1.013 1.015 
0.8 1.001 0.999 1.8 | 1.017 1.020 
0.9 1.002 1.000 1.9 | 1.021 1.024 
1.0 1.003 1.001 | | 
TABLE III 


Vapor Pressures of Solutions of Stereotsomers of Alanine at 25° 


Molality of solutions of equal vapor 
pressure 
DL D L 
1.5340 1.5334 
1.6442 1.6437 | 1.6438 
1.7672 | 1.7659 | 1.7665 
1.8128 | 1.8147 


Average difference.................... 


Difference in vapor pressure (mm. Hg) of solutions of same 


concentration 
DL — L = —0.0003 mm 
p = —0.0003 “ — L = —0.0002 mm 
L= +0 .0009 
0.0004 mm 
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ments being 0.0004 mm., a difference certainly within the experimental 
error. The identity of the vapor pressures of these solutions is therefore 
confirmed. 


SUMMARY 


Isopiestic vapor pressure measurements of solutions of alanine at 25° 
up to 1.9 molal have been made and the osmotic and activity coefficients 
calculated. 

The vapor pressures of solutions of the DL, D, and L isomers have been 
compared without any significant difference being observed. 


I wish to record my thanks to Dr. J. P. Greenstein and Dr. G. Kegeles 
for their generous gift of the samples of alanine. 
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THE RELATION OF a-METHYLBUTYRATE TO [ISOLEUCINE 
METABOLISM* 


II. PROPIONATE FORMATION 


By MINOR J. COON, NORMAN S. B. ABRAHAMSEN, anp GRACE 8. GREENE 


(From the Department of Physiological Chemistry, School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, April 15, 1952) 


Recent studies in this laboratory on the metabolism of 2-methylbutyrate 
have supported the belief that this compound is an intermediate in the 
metabolism of isoleucine (1). It was established that carbons 3 and 4 of 
the branched chain fatty acid furnish a 2-carbon unit! which is capable of 
condensing to furnish acetoacetate in liver tissue. With respect to its 
distribution in acetoacetate, however, this 2-carbon fragment is distinctly 
different from the terminal fragment of butyrate and of other straight 
chain fatty acids. The carboxyl carbon of methylbutyrate makes no ap- 
preciable contribution to ketone body formation, but is readily converted 
to carbon dioxide. These findings account for the weakly ketogenic prop- 
erties of isoleucine described by earlier workers (3-8) and lead to the 
conclusions that the 4-carbon chain of methylbutyrate does not form ace- 
toacetate without prior splitting and that methylbutyrate does not undergo 
reductive demethylation or any other reaction leading to butyrate as the 
precursor of acetoacetate. 

The experiments described in the present paper were undertaken pri- 
marily to determine the fate of the 2-methyl group of methylbutyrate. 
They have led to the demonstration that propionic acid is formed, and the 
glycogenic properties of propionate (9, 10) are believed to furnish a satis- 
factory explanation of the conversion of isoleucine to carbohydrate (5, 11). 
In addition, the possibility was investigated that a metabolite arising from 
isoleucine influences the distribution of 2-carbon units entering acetoace- 
tate. 


* Aided by grants from the American Cancer Society, recommended by the Com- 
mittee on Growth of the National Research Council, and the United States Atomic 
Energy Commission, under contract No. AT(30-1)-663. Radioactive methanol was 
obtained from Tracerlab, Inc., on allocation from the United States Atomic Energy 
Commission. 

1In the absence of evidence whether the 2-carbon unit arising from 2-methyl- 
butyrate is identical with acetyl coenzyme A (2), it is referred to elsewhere in the 
present paper as ‘‘acetate.”’ 
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EXPERIMENTAL 


Synthesis of 2-Methyl-C'*-butyric Acid—In order to label the 2-methy| 
carbon of the compound under study, a malonic ester condensation was 
employed (12). Toa solution of 0.058 mole of sodium ethoxide in absolute 
alcohol, 0.058 mole of diethyl ethylmalonate was added, and the mixture 
was chilled and efficiently stirred. Radioactive methyl iodide (0.055 mole), 
prepared from C'4-labeled methyl alcohol in 91 per cent yield according to 
the directions of Tolbert (13), was slowly introduced. The solution was 
heated under a reflux condenser for 30 minutes, 0.106 mole of non-radio- 
active methyl iodide was then added, and the reaction was allowed to 
proceed for an additional 30 minutes. The solvent was removed by dis- 
tillation, and the residual disubstituted malonic ester was heated with a 
solution of 20 gm. of potassium hydroxide in 20 ml. of water for 6 hours. 
Acidification yielded methylethylmalonic acid, which was extracted with 
ether and shaken with clean mercury. The dry acid was heated in a 
flask immersed in an oil bath at 190°, and the resulting labeled methyl- 
butyric acid was distilled in vacuo and obtained in a yield of 57 per cent, 
based on the ethylmalonic ester. Trial runs on a somewhat larger scale 
(0.2 mole) gave yields of about 80 per cent of the theoretical amount. The 
identity of the labeled acid was confirmed by the determination of the 
Duclaux constants and by the preparation of the p-bromophenacyl] ester 
(m.p. 53°, corrected). The melting point was not depressed when the 
ester was mixed with an authentic sample. 

Other Substrates—A solution of 67 gm. of pL-isoleucine in 88 per cent 
formic acid was treated with acetic anhydride to yield formyl-pL-isoleucine 
in 75 per cent of the theoretical amount. The product was resolved with 
the use of brucine according to the directions of Loequin (14), and the 
L-isoleucine which was obtained was recrystallized from water and identified 
by the specific rotation and the nitrogen content. The pi-isoleucine which 
was employed in the tissue experiments was a preparation specially purified 
to remove traces of alloisoleucine. By solubility analysis it was shown to 
be 98.5 per cent pure. It was obtained through the kindness of Dr. E. E. 
Howe of Merck and Company. 

The synthesis of sodium butyrate-3-C" and of sodium 2-methylbutyrate- 
3-C has been described (1). 

Incubation of Substrates with Liver Tissue—The substrates were dissolved 
in Ringer-phosphate buffer solution at pH 7.4 and shaken with rat liver 
slices approximately 0.5 mm. in thickness. The gas phase was oxygen, 
and the incubation was carried out at 38°. The respiratory carbon dioxide 
was absorbed by alkali insets in the vessels. The final incubation medium 
and water washes of the tissue slices were combined and deproteinized with 
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copper sulfate and calcium hydroxide, and the acetoacetate in the filtrate 
was degraded by procedures previously outlined (15, 16). 

In some experiments, labeled methylbutyrate and unlabeled propionate 
were incubated simultaneously with the tissue. The protein-free filtrate 
from such an experiment was acidified with sulfuric acid, the volatile acids 
were distilled and determined by titration with alkali, and the salts were 
taken to dryness. The p-bromophenacyl esters (17, 18) were prepared 
from the salts, and the resulting reaction mixture was poured into 20 
volumes of ligroin (b.p. 70—-90°) and allowed to stand overnight. The 
ligroin layer was then concentrated to dryness, 30 mg. of authentic non- 
radioactive p-bromophenacy] propionate were added, and the mixture was 
recrystallized repeatedly from 60 per cent ethanol until analytical purity 
and constant radioactivity were attained. It was usually necessary to 
carry out as many as eight recrystallizations in order to satisfy these 
criteria. 

The counts recorded in Tables I and III were determined with samples 
of barium carbonate which were evaporated from acetone suspensions on 
aluminum disks. The counts per minute in excess of background were 
corrected for coincidence when necessary and the values were calculated 
for infinite thickness, as in Paper I. In order to avoid losses of the radio- 
active p-bromophenacyl] esters (Table II) by conversion of samples to 
barium carbonate after each recrystallization, they were instead dissolved 
in purified 1,4-dioxane, evaporated onto disks, and counted directly. As 
in previous work in this laboratory when organic compounds were counted 
directly, it was found convenient to correct these counts to radioactivities 
at zero thickness (19). 


Results 


Fate of 2-Methyl-C"4-butyrate in Liver Slices—Since earlier work has indi- 
cated that carbons 3 and 4 of methylbutyrate furnish acetoacetate in liver 
tissue, thereby accounting for the weakly ketogenic properties of isoleucine, 
one would not expect the remainder of the molecule to give rise to a large 
quantity of ketone bodies. The data presented in Table I support this 
view, for only 4 per cent of the radioactivity of the methyl-labeled sub- 
strate was recovered in the acetoacetate. The recovery of the administered 
C* in the respiratory carbon dioxide was of a similar magnitude, indicating 
that complete oxidation was not a major fate of the methyl carbon in 
these experiments. 

Despite the relatively low radioactivity of the acetoacetate, the distribu- 
tion of the C™“ in the molecule proved to be of considerable interest. It is 
apparent from the data that in each experiment both the carbon dioxide 
and the acetone fractions resulting from the Denigés’ degradation were 
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labeled. This finding is believed to indicate that the radioactive acetoace- 
tate was formed by the condensation of 2-carbon units derived from the 
methyl carbon and carbon 2 of the administered substrate. In Experi- 
ments 3 and 4 the acetoacetate was also degraded with permanganate 
according to the procedure of Weinhouse and Millington (20), and it was 
established in each case that the formic acid representing the methylene 


TABLE [ 


Distribution of Radioactivity in Acetoacetate and Carbon Dioxide Formed from 
2-Methyl-C'4-butyrate 


| -Exper- Exper- Exper- 

iment iment iment iment 

Cun d | Method of acetoacetate | Carbons of acetoacetic 1 eS See . 
— degradation | acid represented ' | 


C.p.m. per mg. carbon 


Administered so- 6230, 6230 6230 


tyrate | | | 
Respiratory carbon | | | se 100 367 
dioxide | | | | | 
Carbon dioxide | Denigés’ reagent, | COOH | $7 25 38, 92 
heat | | 
Acetone | CH;, CO, CH, 34. 11 15 32 
Formic acid | Permanganate CH: | | 18 42 
| _CH;, CO (ealeu- | | 4 
| lated) | | | | 
Per cent recovery of 
administered counts 


2 00 mg. of sodium 2-methyl-C'*- butyrate and 2.5 gm. of liver slices in 20 ml. of 
medium were incubated for 4 hours in each of three flasks in Experiment 1, four flasks 
in Experiments 2 and 3, and eight flasks in Experiment 4. Prior to the acetoacetate 
degradations, 45.0 mg. of carrier acetoacetic acid were added in Experiment 1, 90.0 
mg. in Experiments 2 and 3, and 60.0 mg. in Experiment 4. 


carbon was appreciably radioactive. It appears from this result that a 
doubly labeled 2-carbon fragment gave rise to the acetoacetate in these 
experiments. The possible origin of such a fragment is discussed below. 

Evidence for Conversion of Methylbutyrate to Propionate—The failure of 
2-methyl-C''-butyrate to give rise to highly radioactive carbon dioxide or 
ketone bodies is considered to lend additional support to a scheme pre- 
viously proposed which pictures a cleavage of the substrate to yield ‘‘ace- 
tate” and a 3-carbon acid (1). A large number of preliminary experiments 
employing the isotope carrier technique with liver slices and with fortified 
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liver homogenates led to the conclusion that the 3-carbon acid is propionic 
acid. The procedure finally adopted for demonstrating this point was the 
incubation of 2-methyl-C'-butyrate with rat liver slices in phosphate buffer 
in the presence of a 10-fold molar quantity of unlabeled propionate. At 
the end of the experiment the volatile acids were recovered from the 
medium and the propionate present was isolated as the p-bromophenacy]l 
ester. The latter compound was diluted with unlabeled ester and then 
recrystallized repeatedly until constant radioactivity was attained. The 
data in Table II demonstrate that in two such independent experiments 
the recovered propionate was significantly radioactive. When a control 
experiment was carried out with 2-methylbutyrate-3-C"™ as substrate, no 


TABLE II 
Formation of Propionate from 2-Methylbutyrate in Liver Tissue 


Experiment No. | Compound | of 
mM 

| added 0.08 000 
Propionate added 0.80* | 0 
2: recovered | 480 
2 2-Methy]-C'*-butyrate added 0.08 224 , 000 
Propionate added 0. 80* 0 
recovered 675 
Control 2-Methylbutyrate-3-C'* added 0.08 248 , 000 
Propionate added 0.80* 0 
recovered 


* Additional unlabeled carrier was introduced in the form of 0.11 mole of p-bromo- 
phenacy] propionate during the isolation procedures. 


significant radioactivity was detected in the isolated propionate derivative. 
This clearly shows that the techniques employed were adequate to accom- 
plish the removal of traces of highly radioactive methylbutyrate from the 
propionate derivatives. The identity of the isolated esters was confirmed 
as follows: 


Conversion of Butyrate-3-C™ to Acetoacetate in Presence of Isoleucine and 
Its Metabolites—The observation of Crandall, Brady, and Gurin (21) that 
the terminal 2-carbon fragment of octanoate appears almost exclusively in 
the carbonyl portion of acetoacetate in the presence of washed liver parti- 
cles led them to postulate that fatty acids give rise to two varieties of 
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2-carbon fragments. It is of particular interest that carbons 3 and 4 of 
methylbutyrate furnish a “terminal” fragment which is exceptional in that 
it gives rise to acetoacetate labeled almost symmetrically. Before con- 
sideration of other explanations of this phenomenon, it seemed necessary 
to determine whether in the course of isoleucine metabolism other metab- 
olites than “‘acetate”’ arise which may in some way direct the distribution 
of 2-carbon units entering acetoacetate. In order to test this possibility, 
butyrate-3-C™ was incubated with liver slices in the presence of added 
isoleucine, methylbutyrate, or propionate. Butyrate-3-C'* when added 
alone to liver tissue is known to furnish acetoacetate having a ratio of 
carboxyl to carbonyl radioactivity of about 0.3 (1, 22). It is obvious 


Taste 
Effect of Various Substrates on Distribution of Radioactivity in Acetoacetate Formed 
from Butyrate-3-C" 


C.p.m. per mg. carbon 


_ Ratio of carboxy! to 


Experiment No. Substrate added, 0.02 mm per flask carbonyl radio- 


Carbon dioxide | 
1 Propionate 105 71 | 0.23 
2 77 82 | 0.35 
3 pi-Isoleucine 69 62 | 0.30 
4 92 64 0.23 
5 L-Isoleucine 66 60 0.30 
7 | 2-Methylbutyrate 55 65 | 0.39 
S4 56 | 0.22 


j 


z The incubations were carried out according to procedures described previously 
(1). 

from the data in Table III that neither added propionate itself nor pro- 
pionate and other metabolites generated during the experiments from the 
added methylbutyrate and isoleucine caused the labeled butyrate to give 
rise to symmetrically labeled acetoacetate. The average value for the ratio 


of carboxyl to carbonyl radioactivity in the eight experiments is 0.28. 


DISCUSSION 


In Diagram 1 a scheme for methylbutyrate metabolism is proposed which 
could account for the results obtained with the substrate labeled in each of 
three different positions. It should be emphasized that, while the data 
reported establish the formation of labeled propionate from 2-methyl-C"- 
butyrate, there is no direct proof that the incorporation of C' into pro- 
pionate occurs as postulated. It is of particular interest that 2-methyl- 
butyrate-3-C™, which was shown to furnish labeled carbon dioxide and 
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acetoacetate in liver slices to the extent of 9 and 15 per cent, respectively, 
of the administered radioactivity (1), failed to produce labeled propionate 
in the present studies. This provides evidence against the indirect incor- 
poration of radioactive carbon into propionate via labeled ‘‘acetate,’’ aceto- 


CH= CHNE COOH 


CHS CO-COOH 


cH = COOH 


| 


C0-CH= COOH [Syme trice1 Intermediate(s 


* * 
= 


Oxalecetete _ Glucose 
Pumarete 
| 

* * 
CO-CH> COOH 


DraGRAM 1. Proposed scheme of isoleucine metabolism. The position of the C™ 
in each of the three preparations of singly labeled methylbutyric acid and in the 
metabolic products obtained from each preparation is indicated by the symbols 
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acetate, or carbon dioxide. Presumably the Krebs cycle intermediates, 
which are involved in the conversion of labeled “acetate” to labeled carbon 
dioxide, may be excluded on similar grounds as precursors of the radioactive 
propionate. 

The data presented do not rule out the possibility that other pathways 
than “acetate” and propionate formation may be involved in methylbuty- 
rate metabolism, for under the experimental conditions employed only 
about 3 per cent of the administered C™ was recovered as propionate. 
Because of the limitations of the carrier technique applied to tissue slices, 
however, it is quite likely that propionate is produced from methylbutyrate 
in liver tissue to a greater extent than indicated by this figure. 

In order to account for the conversion of 2-methyl-C'*-butyrate to com- 
pletely labeled acetoacetate, doubly labeled pyruvate might be pictured as 
an intermediate. It is clear that the randomization of isotope between 
adjacent carbons could not occur merely by entrance of the 2-carbon unit 
into the citric acid cycle, for this possibility is ruled out by the parallel 
experiment in which methylbutyrate-3-C™ gave rise to acetoacetate via a 
2-carbon unit without randomization. A mechanism which could account 
for randomization at the pyruvate level is the fixation of carbon dioxide 
and the conversion of the resulting oxalacetate to succinate via the revers- 
ible reactions of the tricarboxylic acid cycle. In addition, it is necessary 
to consider the possibility of randomization during the conversion of pro- 
pionate to pyruvate. Lorber et al. (23) administered labeled lactate to 
intact rats and found that, of the lactate carbon deposited as liver glycogen, 
less than one-sixth entered glycolysis without prior passage through reac- 
tions involving randomization of isotope between the a- and §-carbons. 
These investigators (24) further observed that propionate underwent com- 
plete randomization in forming glycogen under the same conditions. In 
the absence of more precise information on propionate metabolism, it is 
postulated that one or more symmetrical intermediates are involved in the 
conversion to pyruvate.’ 

The occurrence of somewhat more radioactivity in the carboxy] than in 
the a-carbon of the completely labeled acetoacetate is of uncertain meta- 
bolic significance. The senior author has demonstrated that the isopropy! 
group of isovaleric acid reacts with carbon dioxide to furnish acetoacetate 
in liver slices (16), but in the absence of added leucine or isovalerate this 
reaction is difficult to detect. Plaut and Lardy (26) have confirmed and 
extended this discovery and have reported the interesting finding that 


2 Shortly after the completion of these studies on acetoacetate formation, a paper 
was published by Shreeve (25) describing experiments in which propionate-2-C 
was administered to intact rats and to rat liver and kidney slices and was found to 
yield doubly labeled acetyl groups for the acetylation of phenylaminobutyric acid. 
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certain acids other than isovaleric slightly stimulate the fixation of carbon 
dioxide in the carboxyl position of acetoacetate, but they did not test 
2-methylbutyric acid. It is tentatively proposed that the carboxyl radio- 
activity of the acetoacetate derived from 2-methyl-C'-butyrate arises in 
part as shown in Diagram | and in part by fixation of radioactive carbon 
dioxide. 


SUMMARY 


The synthesis of 2-methyl-C'-butyric acid from radioactive methanol 
by means of a malonic ester synthesis has been described. The metabolic 
fate of this compound has been studied, and it has been shown to give rise 
to labeled propionate, acetoacetate, and carbon dioxide in liver tissue. 
Under similar conditions 2-methylbutyrate-3-C"™ fails to produce labeled 
propionate, although it furnishes radioactive ‘‘acetate,”’ acetoacetate, and 
carbon dioxide. This indicates that C'* does not enter propionate indi- 
rectly by way of any of these three products. 

It is proposed that methylbutyrate undergoes 8 oxidation on the longer 
carbon chain and cleavage to produce ‘‘acetate’”’ and propionate. In order 
to explain the observation that the acetoacetate derived from 2-methyl- 
C'-butyrate is completely labeled, it is postulated that this may reflect 
randomization of isotope between the a- and 8-carbons of pyruvate formed 
from propionate. The data presented do not rule out the possibility, how- 
ever, that other pathways may also be involved in methylbutyrate metab- 
olism. 

Carbons 3 and 4 of methylbutyrate-3-C" furnish a terminal 2-carbon unit 
which is exceptional in that it gives rise to acetoacetate labeled almost 
symmetrically. It has been shown that this result cannot be explained on 
the supposition that propionate or other metabolites arising from isoleucine 
and methylbutyrate are capable of influencing the distribution of 2-carbon 
units entering acetoacetate. 
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STEROID METABOLISM BY A SPECIES OF PSEUDOMONAS 
II. DIRECT EVIDENCE FOR THE BREAKDOWN OF TESTOSTERONE* 


By MELVIN SANTERfT SAMUEL J. AJLT 


(From the Department of Bacteriology and Immunology, Washington University School 
of Medicine, St. Louis, Missourt) 


(Received for publication, May 6, 1952) 


It has recently been shown in our laboratories that a soil microorganism, 
Pseudomonas No. 7, can grow in pure culture in the presence of testos- 
terone as the sole source of carbon (1). Manometrically, oxygen uptake 
and carbon dioxide evolution were noted with this steroid as substrate. 
At the end of the incubation period, definite amounts of testosterone had 
disappeared. These results were interpreted to mean that this steroid 
was metabolized by the cells. In this communication, labeled testos- 
terone was employed, and definitive data will be presented for the un- 
equivocal utilization of this complex molecule by bacteria.! ’ 


Methods 


Most of the methods and materials used in this study were those de- 
scribed in the previous paper (1). In those experiments in which labeled 
testosterone was used, the following procedure was adopted: Each War- 
burg vessel contained, in addition to the reaction mixture in the main 
compartment, 0.3 cc. of 4 N sodium hydroxide in the center well and 0.3 
ec. of approximately 6 N H.SO, in one of the side arms. In this way it was 
possible to measure oxygen uptake and trap evolved carbon dioxide during 
the course of the experiment. At the end of the incubation period, when 
the sulfuric acid was tipped into the main compartment and the residual 
CO, was evolved, the additional gas was also trapped by the alkali in the 
center well. The alkali was then removed and to it was added a small 
amount of saturated barium nitrate. Barium carbonate precipitated. 
The precipitate was washed and dried and its radioactivity determined. 

The deproteinated reaction mixture was first centrifuged to remove the 
cells. The cells were washed several times and fractionated according to 


*For Paper I of this series see Santer et al. (1). 

t Present address, Section of Microbiological Chemistry, Department of Bac- 
teriology, Army Medical Service Graduate School, Walter Reed Army Medical 
Center, Washington, D. C. 

1A generous gift of testosterone-4-C™ obtained from Dr. G. L Fujimoto of the 
Department of Biological Chemistry, University of Utah, is gratefully acknowl- 
edged. 
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the method of Schneider (2), whereby the nucleic acid and protein frac- 
tions were obtained. The supernatant solution was analyzed for di- and 
tricarboxylic acids (3, 4). 

Testosterone-4-C™ (1.5 mg.), having a melting point of 153.5-154° with 
a specific activity of 0.0035 mec. per mg., was dissolved in 10 ec. of ethanol. 
| ce. of this solution was added to each Warburg cup which was then 
placed on a low temperature hot-plate to remove the alcohol. 1 cc. of 
distilled water was then added to resuspend the steroid. 1 cc. of the 
radioactive testosterone assayed, on a Tracerlab “64” scaler connected 
to a conventional end window Geiger-Miiller tube counter, 8000 c.p.m. 
Before being counted, the solutions were pipetted evenly on recessed steel 
disks and dried. In the case of the carbonates, the precipitates were 
suspended in ethyl alcohol and plated evenly on similar disks. Drying 
was conducted under an infra-red lamp. Appropriate corrections for 
self-absorptions were made. 

RESULTS AND DISCUSSION 

Because we had already established (1) that testosterone disappears 
when exposed to resting cells of Pseudomonas No. 7, our primary concern 
in this work has been not only to confirm this finding by the use of labeled 
testosterone, but to gain some insight into the pattern of its breakdown. 
It was thought that by simultaneously measuring residual testosterone 
and the activity of the evolved carbon dioxide, some notion may be ob- 
tained as to when ring A (which contained the labeled carbon atom) was 
broken down. The results are shown in Fig. 1. 

‘Two over-all observations can be made; e.g., (a) testosterone disappears 
with time, and (b) the evolved carbon dioxide becomes active only after 
an initial lag of 2 hours. From the data presented, it is difficult to predict 
the mechanism of testosterone breakdown. However, it should be pointed 
out that as much as ~60 y of the steroid disappears before the carbon di- 
oxide becomes active. In other words, approximately 33 per cent of 
testosterone is utilized without involving ring A. This may be interpreted 
to mean that ring A is not the point of initial catabolism, although Turfitt 
(5) has shown this to be the case with a soil organism which metabolizes 
cholesterol. At any rate, the fact that the carbon dioxide becomes active 
furnishes conclusive evidence that testosterone is broken down by Pseu- 
domonas No. 7. 

In addition to carbon dioxide, cell protein, nucleic acids, and some di- 
and tricarboxylic acids become active (see Table I). These data are in 
accord with the previous experiments (1) in which we demonstrated that 
this species of Pseudomonas oxidizes testosterone with a resulting R. Q. 
of 0.4 to 0.5. The theoretical R. Q. is 0.76, which can be obtained when 
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the steroid is oxidized in the presence of 2,4-dinitrophenol. This would 
indicate that some of the carbon atoms of the steroid nucleus are utilized 
for cellular synthesis. The experiments reported in this paper completely 
confirm this finding. The activity found in succinate, a-ketoglutarate, 
and citrate can perhaps be best explained on the basis of CO, fixation 
reactions. 

It has been previously reported (1) that testosterone stimulates endog- 
enous metabolism. In an effort to determine whether the whole steroid 


| 
NOL 
TESTOSTERONE DISAPPEARANCE 
7 | 
240 480 960 


4 
MINUTES 


Fic. 1. Breakdown of radioactive testosterone. Each Warburg vessel contained 
l cc. of testosterone solution (see the text) containing ~8000 c.p.m., 0.5 ce. of 0.2 
mM phosphate buffer, pH 7.0, 1 ec. of a 10 per cent suspension of Pseudomonas No. 
7, 0.3 ce. of NaOH in the center well, and 0.3 ec. of H2SO, in the side arm. Tem- 
perature of bath 30°. Residual testosterone was not measured in the vessels con- 
taining the labeled steroid. A parallel experiment containing the same concentra- 
tion of unlabeled testosterone was used to determine residual testosterone. 


molecule or a degradation product (or products) of it is responsible for 
this phenomenon, the observed stimulation of endogenous metabolism 
has now been followed with determinations of disappearance of the steroid 
as a function of time. The data are plotted in Fig. 2. Curve B repre- 
sents the actual disappearance of testosterone, while Curves A and C cor- 
respond to the actual and theoretical oxygen uptakes, respectively. It is 
clear that for every time interval the observed oxygen uptake is at least 8 
times that of the theoretical. Therefore, it appears likely that the entire 
steroid nucleus may be responsible for this effect. This unusual phenom- 
enon is now being further investigated. 

As nearly as can be estimated from the data in Figs. 1 and 2 and in 
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Distribution of Activity in Various Products As Result of Breakdown of 
Testosterone-4-C'* 


Di- and tricarboxylic acids* 


Cell protein Cell nucleic acids aia 
Succinate | Citrate a-Ketoglutarate 
c.p.m. c.p.m. c.p.m. c.p.m,. C.p.m. Bits 
-~2000 384 384 448 448 


Total volume of reactants 2.8 cc. The Warburg vessel contained | cc. of testos.- 
terone-4-C" solution (see the text), 0.5 cc. of 0.2 mM phosphate buffer, pH 7.0, 1 ce. 
of a 10 per cent suspension of Pseudomonas No.7, and 0.3 ec. of NaOH in the center 
well. Temperature of bath 30°. 

* At the end of the incubation period, the mixture was deproteinated and the 
cells removed by centrifugation. The supernatant solution was steam-distilled 
and the residue ether-extracted for 48 hours. The ether layer was reextracted with 
a small volume of alkaline water. To this were added 1 mg. each of succinate, 
a-ketoglutarate, and citrate as carriers and chromatography was carried out by 
procedures previously described (3, 4). 
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Fic. 2. Testosterone metabolism by resting cells of Pseudomonas No.7. Total 
volume of reactants 2.8 cc. Each cup contained 1 cc. of inactive testosterone solu- 
tion, 1 cc. of a 10 per cent suspension of cells, 0.5 cc. of 0.2 mM phosphate buffer, pH 
7.0, and 0.3 ec. of NaOH in the center well. Temperature of bath 30°. Curve A 
represents the observed oxygen uptake, Curve B represents testosterone metabo- 
lized, and Curve C represents the theoretical oxygen uptake calculated from the 
amount of testosterone disappearance. 
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Table I, something of the order of 50 per cent of the added testosterone 
appears not to be metabolized. However, the reaction seems to be falling 
off at this level. This observation could perhaps best be explained by the 
fact that the steroid is metabolized rather slowly and that after 480 min- 
utes, for example, not enough viable cells are present to continue the oxida- 
tion of testosterone at a rapid rate. 


SUMMARY 


By the use of testosterone-4-C™, conclusive evidence has been obtained 
for the breakdown of this steroid by resting cells of Pseudomonas No. 7. 
Approximately 33 per cent of testosterone is metabolized before the ap- 
pearance of radioactive CO». 
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PHOTOMETRIC ESTIMATION OF PROLINE AND ORNITHINE 


By FRANCIS P. CHINARD* 


(From the Departments of Physiological Chemistry and of Medicine, School of Medicine, 
The Johns Hopkins University, Baltimore, Maryland) 


(Received for publication, June 6, 1952) 


Some years ago Grassmann and von Arnim (1, 2) described in detail a 
red reaction product of proline and ninhydrin formed at pH 7; it was 
suggested that this reaction product might be of use as a measure of the 
concentration of proline in biological materials. Hydroxyproline gave a 
similar though not identical reaction product. More recently, Van Slyke 
et al. (3), in studies of the ninhydrin method for the gasometric estimation 
of free amino acids, reported that, at a pH of approximately 1.0, a red 
water-insoluble reaction product is formed by proline with ninhydrin; lysine 
forms a black product and ornithine a red one. No significant amounts 
of color are formed with most other amino acids at a pH near 1.0. 

Under the conditions specified below, it has been found that the amount 
of colored product formed by the reaction of certain amino acids with 
ninhydrin at approximately pH 1.0 may be estimated spectrophotometri- 
cally and used as a measure of the amount of these amino acids present. 
The procedure is applicable to proline, ornithine, lysine, and hydroxylysine 
in pure solution. Most other amino acids and particularly hydroxyproline 
do not interfere significantly. 


Procedure 


Reagent Solution— ach ml. contains 0.4 ml. of 6 mM H;PO, and 0.6 ml. 
of glacial acetic acid; 25 mg. of ninhydrin! are added per ml. of this acid 
mixture. After the addition of the ninhydrin, the acid mixture is heated 
to about 70° to insure solution of the ninhydrin. The solution is stable 
for at least 24 hours; whether it is stable for longer periods has not been 
determined. 

Color Development—To 1.0 ml. of the solution to be analyzed are added 
1.0 ml. of glacial acetic acid and 1.0 ml. of the reagent solution. If the 
additions are made from burettes, a Silicone grease must be used to lubri- 
cate the stop-cocks. A sample blank is prepared by adding 1.0 ml. of 
glacial acetic acid and 1.0 ml. of acid mixture without ninhydrin to 1.0 
ml. of the solution to be analyzed. A reagent blank is prepared by adding 

* Markle Scholar in the Medical Sciences. 


' Ninhydrin purchased from Dougherty Chemicals, 87-34 134th Street, Richmond 
Hill 18, New York, has been used without recrystallization. 
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1.0 ml. of the reagent solution and 1.0 ml. of glacial acetic acid to 1.0 ml, 
of the solvent of the amino acid. After the contents of the individual tubes 
have been mixed, the tubes are capped and heated in a constant tempera- 
ture bath at 100° for 60 minutes. 1.0 ml. of glacial acetic acid is added 
to each tube; the tubes are then cooled to room temperature. The volume 
is adjusted to 5.0 ml. with glacial acetic acid. The optical densities are 
estimated at the appropriate wave-length. The readings are constant 
for at least 1 hour. The volumes stated above may be changed to meet 
the requirements of the available spectrophotometric equipment, but the 
proportions must be maintained. Standards are carried through the same 
procedure. 


Results 


Absorption Curves of Solutions of Several Amino Acids after Reaction 
with Ninhydrin—Fig. 1 shows the molar absorption curves of solutions 
of proline, ornithine, lysine, natural and synthetic hydroxylysine, and 
cysteine after reaction with ninhydrin? (Beckman DU spectrophotometer, 
1 cm. path length, constant sensitivity setting at maximum, variable slit 
width setting). Several points may be emphasized. The curves for the 
natural and synthetic hydroxylysine are so nearly identical as to be indis- 
tinguishable on the scale of Fig. 1. As pointed out by Weisiger (4) and 
by Touster (5), this is substantiating evidence for the chemical identity of 
the natural and synthetic hydroxylysines. The proline and ornithine re- 
action solutions have absorption curves which are similar; if the molar 
absorption coefficients are plotted on a logarithmic scale with wave-length 
on a linear scale, it can be shown that the curves are essentially identical 
in shape but that the proline curve is displaced from the ornithine curve 
by a nearly constant proportion. (The molar absorption coefficient for 
proline is 89.8 per cent of the molar absorption coefficient for ornithine 
at X = 515 mu.) From this it is inferred that the reaction products of 
ornithine and of proline with ninhydrin may be identical under the con- 
ditions of this procedure but that the yield of reaction product is less 
with proline than with ornithine. 

Recovery of Reaction Products of Proline and of Ornithine with Ninhy- 
drin—Advantage was taken of the almost complete insolubility of these 
reaction products in water. 100 ml. of the reagent solution were added to 


2 The proline, lysine, and ornithine were c.p. products purchased from the H. M. 
Chemical Company, Ltd., 144 North Hayworth Avenue, Los Angeles 36, California. 
Highly purified samples of ornithine and proline were supplied by Dr. Paul B. Hamil- 
ton; no significant differences in the absorption curves were found with these prepa- 
rations. The natural and synthetic hydroxylysines were supplied by Dr. James R. 
Weisiger. 
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14.67 mg. of proline in 15 ml. of H,O and to 15.41 mg. of ornithine mono- 
hydrochloride in 15 ml. of H,O. The solutions were heated at 100° for 
60 minutes. (A definite yellow color was noted in the vessel containing 
proline before the characteristic red color appeared; no yellow color was 
noted in the ornithine vessel.) To each solution were added 150 ml. of 
H.O, and the solutions were stored at approximately 4° for 12 hours; the 
precipitates were then collected, dried, and weighed. Yields in mg. per mM 
of amino acid were 286.0 for ornithine and 255.2 for proline. The yield of 


2.0 


i i i 


400 500 600 
MU 


Fic. 1. Molar absorption coefficients, ay, of solutions of ornithine (Curve 1), 
proline (Curve 2), synthetic and natural hydroxylysines (Curve 3), lysine (Curve 4), 
and cysteine (Curve 5) after reaction with ninhydrin. 


proline reaction product was 89.2 per cent of that of the ornithine reaction 
product. Portions of the precipitates were accurately weighed and dis- 
solved in hot glacial acetic acid. Absorption coefficients per gm. of reac- 
tion product per liter were 75.86 for proline and 75.41 for ornithine (Beck- 
man DU spectrophotometer, 1 cm. cuvettes, \ = 515 my, 0.020 mm. slit 
width setting). The absorption coefficient of the proline reaction product 
was 100.6 per cent of that of the ornithine reaction product. No dif- 
ferences were detected in the two absorption curves in the range 320 to 
620 mu. These findings substantiate the inference that the major reaction 
products of ornithine and of proline with ninhydrin are identical but that 
the yield from proline is less than that from ornithine. The yellow product 
in the reaction with proline has not been identified. 
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Interfering Substances—-After reaction with ninhydrin, the following sub- 
stances did not yield significant increases in optical densities at \ = 515 mg 
when present in molar concentrations 100 times as great as those of proline 
or ornithine: leucine, isoleucine, serine, valine, threonine, glutamic acid, 
glycine, alanine, 6-aminovaleric acid, urea, creatine, creatinine, glycocy- 
amine, glucosamine, ammonium chloride, pyrrolidonecarboxylic acid. The 
following substances did not yield significant increases in optical densities 
at } = 515 my» when present in molar concentrations 10 times as great 
as those of proline or ornithine: glutamine, histidine, cystine, methionine, 
tryptophan, arginine, tyrosine, hydroxyproline, aspartic acid, asparagine, 
phenylalanine, 1,4-diaminobutane, ,5-diaminopentane. The following 
substances yield significant increases in optical densities at ) = 515 mu 
when present in molar concentrations 10 times as great as those of proline 
or ornithine: citrulline, cysteine, lysine, and hydroxylysine. The inter- 
ference by hydroxyproline depends on the purity of the sample: at equi- 
molar concentrations the best sample of hydroxyproline gave an optical 
density reading 0.5 per cent that given by proline. The interference 
produced by arginine is probably not the result of production of ornithine 
during the reaction with ninhydrin: the absorption coefficient varies from 
sample to sample and there is no increase in the optical densities of the 
solutions when these are heated for longer than the specified 60 minutes. 
It appears that small and variable amounts of a contaminant, possibly 
preformed ornithine, may be present in the several samples of arginine 
examined. As is evident from Fig. 1, cysteine produces a characteristic 
color; this color is not produced with cystine. The cysteine reaction prod- 
uct has not been identified. The interference by citrulline may be due to 
hydrolysis of this amino acid to yield proline. Tryptophan gives a canary- 
yellow color, with a peak at \ <320 mu. 

Agreement with Bouguer-Beer Law—A linear relationship is obtained be- 
tween concentration of amino acid and optical density in the range 0.02 
to 0.1 um per ml. for proline and ornithine and in the range 0.1 to 0.5 um 
per ml. for lysine and hydroxylysine. 


DISCUSSION 


The applicability and limitations of the procedure are evident from the 
results. The procedure is best suited for the identification and estimation 
of the amino acids indicated above in those instances in which interfering 
substances have been removed, for example by chromatography, or in 
which interfering substances are known to be absent. The procedure has 
already been applied by several investigators (4-7). It must be empha- 
sized that the possible interference of peptides and particularly of proly! 
peptides has not been investigated. 
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It is tentatively suggested that the ornithine undergoes oxidative de- 
amination and decarboxylation and that the resultant aldehyde group con- 
denses with the terminal amino group with formation of a ring. This 
eyclic product then couples with 2 molecules of ninhydrin to form the col- 
ored product. The appearance of a yellow color in the reaction of pro- 
line, not apparent in the reaction of ornithine, suggests that a side reac- 
tion occurs. This could account for the fact that less color is produced 
by reaction of proline than by reaction of ornithine with ninhydrin. 


The preliminary work on this procedure was carried out at the Hospital 
of The Rockefeller Institute for Medical Research in New York under the 
direction of Dr. D. D. Van Slyke, to whom the author is indebted for his 
guidance. It is also a pleasure to thank Dr. Paul B. Hamilton, Dr. Wil- 
liam H. Stein, Dr. Stanford Moore, and Dr. James R. Weisiger for many 
fruitful discussions and for generous supplies of several of the amino 


acids used. 


SUMMARY 


A method is presented for the estimation of proline, ornithine, lysine, 
and hydroxylysine in pure solution and in the presence of certain other 
amino acids. Hydroxyproline does not interfere significantly in the es- 
timation of proline. The applicability and limitations of the method are 


briefly discussed. 
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Many case histories of metabolic disturbances which are accompanied by 
increased storage of glycogen in liver, skeletal muscle, and other tissues 
have been reported. Mason and Andersen (1) have summarized and classi- 
fied these disturbances according to clinical and biochemical findings; how- 
ever, a definitive examination of the physicochemical constitution of the 
glycogen in these disorders has not been previously reported. Indeed, 
few studies on glycogen from human tissues are available. 

The present investigation of human glycogen was begun as a result of 
clinical observations! on a metabolic disorder in infants (subject N. D.) 
accompanied by unusually high glycogen deposition, particularly in skeletal 
muscle. For purposes of comparison, samples of glycogen were obtained 
from patients showing no symptoms of disturbed carbohydrate metabolism ; 
these have been indicated to be normals (subjects P. F., J. H. W., J. K., 
B. K., G. G.). Also included (P. N.) is a biopsy sample from a typical 
case of glycogen storage disease similar to those described by von Gierke 
and others (1). 

The properties of glycogen to be presented include specific rotation, 
yield of glucose, and comparative degree of branching as indicated by 
formic acid production following periodate oxidation. In the following 
paper (2), sedimentation studies are reported. 

Materials—The major difficulty associated with a study of human gly- 
cogen is the problem of obtaining normal controls. Autopsy tissues are 
readily available, but seldom before considerable glycogenolysis has oc- 
curred and, occasionally, samples of liver and muscle tissue from autopsies 
fail to yield glycogen. Biopsies are to be preferred from this point of 
view but only small amounts of tissue can be made available. In neither 
autopsy nor biopsy samples can the glycogen be regarded as characteristic 
until sufficient material has been examined to establish normal properties. 
For this reason brief clinical summaries are given which will permit evalu- 


* This investigation was aided by research grants from the National Institutes of 
Health, United States Public Health Service. 
1W. Krivit, W. J. Polglase, F. D. Gunn, and F. H. Tyler, in preparation. 
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ation of the properties of glycogen described in this and in the following 
paper (2). 

We are happy to acknowledge the cooperation of Dr. W. Krivit in 
obtaining many of the samples described below. 

Normal; Autopsy (Subject P. F.)—A 10 month-old white female infant 
was admitted because of tachycardia and vomiting. A diagnosis of parox- 
ysmal auricular tachycardia was established and therapy consisted of 0.5 
mg. of digitoxin over a period of 25 hours. Death occurred suddenly 
without signs of congestive failure and autopsy revealed no liver pathology. 
Liver and muscle samples were taken for study within 1.5 hours after 
death and immediately placed in dry ice. 

Normal; Autopsy (Subject J. H. W.)—-A 12 year-old white male with 
bulbar poliomyelitis expired in respiratory paralysis within 3 hours after 
admission. Autopsy specimens of liver were obtained within 1 hour after 
death and immediately frozen. 

Normal; Biopsy (Subject J. K.)—A 52 year-old white male with peptic 
ulcer of the stomach was subjected to gastroenterostomy under anesthesia. 
A biopsy of liver was obtained and immediately frozen. No evidence of 
hepatic disease was found. 

Normal; Biopsy (Subject B. K.)—A muscle biopsy was obtained from a 
36 year-old white female with peroneal muscular atrophy. The muscle was 
immediately frozen. Microscopic sections showed no evidence of glycogen 
storage disease. 

Normal; Biopsy (Subject G. G.)—A 21 year-old white male was admitted 
for study of muscle disease and diagnosed as having paramyotonia con- 
genita (3). A biopsy of muscle was immediately frozen for glycogen isola- 
tion. Microscopic sections of the tissue revealed focal degeneration with 
no glycogen storage. 

Glycogen Storage Disorder; Disney and Autopsy (Subject N. D.)—-An 18 
month-old white female was admitted because of muscular weakness since 
the age of 6 months. A year earlier a sibling who had had a similar 
clinical picture was found at autopsy to have glycogen storage disease of 
liver and striated muscle. Epinephrine and glucose tolerance tests of N. D. 
were normal. Liver and muscle biopsy samples showed excessive glycogen 
storage and these were placed in dry ice immediately. Several weeks later 
the patient expired with pneumonia and autopsy was performed within | 
hour after death. Tissues were frozen immediately. Autopsy studies con- 
firmed the diagnosis of glycogen storage disease. No chemical differences 
were found between earlier samples of glycogen obtained by biopsy and 
the later ones from tissues secured at autopsy. The detailed clinical find- 
ings will be described elsewhere.! 

Glycogen Storage Disorder (von Gierke’s Disease); Biopsy (Subject P. N.)— 
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A 14 month-old white female was admitted because of hepatomegaly. 
Studies demonstrated constant hypoglycemia, acetonuria, normal epineph- 
rine, and glucose tolerance tests. Biopsy specimens of liver and muscle 
were rapidly frozen. Definite evidence of glycogen storage disease of liver 
was found in microscopic sections. 

Preparation of Glycogen——-All samples were prepared by a modification 
of the classical method of extraction with aqueous potassium hydroxide 
followed by alcohol precipitation. Purification was carried out by acetic 
acid precipitation (4). The procedure was as follows. The frozen tissue 
was heated with 30 per cent aqueous potassium hydroxide solution on a 
boiling water bath? until completely disintegrated (about 2 hours). ‘The 
mixture was Clarified by filtering through glass wool and the glycogen was 
precipitated by the addition of 1.2 volumes of 95 per cent ethanol. The 
crude glycogen was collected by centrifugation and reheated with fresh 30 
per cent potassium hydroxide solution for 2 hours. The glycogen was 
precipitated with alcohol, washed three times with 52 per cent alcohol, 
dissolved in water, and centrifuged to remove suspended impurities. The 
glycogen was again precipitated with alcohol and washed thoroughly by 
centrifugation with 52 per cent alcohol. The glycogen was then dissolved 
in water and precipitated by the addition of 4 volumes of glacial acetic 
acid, as recommended by Bell and Young (4). This acetic acid precipita- 
tion was repeated four times in rapid succession, the glycogen being redis- 
solved in water without heating after each precipitation. After the final 
acetic acid precipitation, the glycogen was washed several times with 52 
per cent ethanol, redissolved in water, and again precipitated with ethanol.’ 
The precipitated material was washed repeatedly with 52 per cent alcohol, 
followed by further washing with gradually increasing concentrations of 
alcohol, and finally with absolute alcohol and acetone. Samples were dried 
to constant weight at 94° 7n vacuo. 

Glycogen is known to be hygroscopic and most workers equilibrate sam- 
ples for analytical study in the atmosphere and correct for moisture by a 
separate determination. Because of the limited amount of material avail- 
able, all analytical determinations were performed on material previously 
dried to constant weight at 94° zn vacuo. In the relatively dry atmosphere 
in Utah it is possible to weigh glycogen samples for analyses without. any 
special precautions other than completing the weighing within 2 or 3 min- 
utes. 

Yield and Purity—These are shown in Table I. Glycogen samples were 
characterized by the specific rotations in aqueous molar sodium chloride 


* The boiling point of water is 94° at the altitude of this laboratory. 
3 It was usually necessary to add a trace of electrolyte (lithium chloride) to induce 


coagulation at this point. 
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solution. This solvent was chosen for two reasons. First, human liver 
glycogen gives solutions of high opalescence, and transmission of light in 
molar saline 1s somewhat better. Nevertheless, in most cases the maxi- 
mum concentration of liver glycogen which could be used in a 1 dm. 
polarimeter tube was | per cent. Second, aqueous molar sodium chloride 
has been used in most of the published ultracentrifuge studies on glycogen 


TABLE I 
Yield and Purity of Human Glycogen Samples 


| | [a] | 
Tissue Vield after t 
weight). 
| gm | gm | md degrees degrees = 
Liver, 10-7}. 1.34 | 2.6 4200 + 5451.7 98.5 
+ 0.10 0.1 (4192 5,448.5 92.4 
2.2 0.046 2.1 + 5 
glycogen storage, b. (N, 1.8 0.17 | 9.1 |4+202 + 5 | 
“oa 85 2.2 | 6.3 [+198 + 5,449.9) 95.0 
2.1 0.29 13.8 +192 + 2449.7 94.7 
Muscle, normal, a. (P.F.).............125 0.076 0.06 +191 + 2 | 
5.7 0.027 0.5 +200 + 2 
0.051 0.7 +196 + 2 
glycogen storage, b. (N. | 2.7 /0.24 | 8.9 +191 + 2 
4.4 0.31 7.1 4192 + 2449.1 93.5 
+ (P.N.)...| 0.50) Trace | | | 
Heart 3 2 a. (N.D.)...; 1.2 | 0.083 | 2. 5 +191 + 2 


* Determined at a concentration of 1 per cent in 1 mM sodium chloride. 

t Calculated on basis of liberated p-glucose. 

¢t Calculated from rotation of hydrolyzed glycogen as compared to equilibrium 
rotation of p-glucose (+52.59). 

§ a., autopsy; b., biopsy. Tissue was permitted to stand at room temperature 
(about 23°) for 17 hours before isolation of glycogen. 


and was used as the solvent in the ultracentrifuge studies reported on the 
same samples (2). In order to conserve material, the same solution of 
glycogen was used for both rotation and sedimentation studies. Solutions 
of human muscle glycogen show less light scattering than those containing 
human liver glycogen and the rotation of a 1 per cent solution is readily 
determined ina 2 dm. polarimeter tube. 

Whenever sufficient material was available, the rotation of an acid hy- 
drolysate was determined. A dry sample of glycogen (25 mg.) was dis- 
solved in 1 mM hydrochloric acid and the volume adjusted to 2.50 ml. The 
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solution was heated at 94° in a sealed tube for 6 hours. The specific 
rotation (D line) was determined in a 2 dm. tube. 

The specific rotation of the glycogen sample and the rotation of the 
acid hydrolysate indicated about the same degree of purity for the glycogen 
and further showed that pure human glycogen has a specific rotation 
between +203° and +208°. This value is consistent with previous studies 
of glycogen samples from various sources (5). By these criteria, prepara- 
tions varied in purity from 92 to 100 per cent. 

The yields of glycogen from liver biopsy in both instances of glycogen 
storage disorder (N. D. and P. N.) are much higher than from the single 
normal liver biopsy (J. K.). Insufficient muscle tissue was available from 
P. N. for glycogen isolation but a colorimetric determination (6) indicated 
0.6 per cent glycogen. 

A sample of normal muscle obtained at autopsy (P. “.) gave little or no 
glycogen when permitted to stand at room temperature for some hours. 
Muscle tissue obtained from N. D. at autopsy and frozen within 1 hour 
after death gave yields of 6.4 and 7.1 per cent glycogen. A similar tissue 
sample which was permitted to stand at room temperature for 17 hours 
yielded 8.4 per cent glycogen. Within the variability of these samples, it 
may be concluded that the muscle of N. D. was incapable of destroying 
glycogen. 

Solutions of all human liver glycogens were of a higher turbidity than 
either rabbit liver glycogen or human muscle glycogen, with the exception 
of the liver sample from the patient showing von Gierke’s syndrome. This 
glycogen sample gave an almost clear solution. 

Average Chain Length—Since glycogen is known to possess a highly rami- 
fied structure consisting of a-p-glucopyranosyl units joined 1,4 with occa- 
sional branching at Ce, it was of interest to determine the average chain 
length by the method of periodate oxidation. Because in most cases only 
small amounts of glycogen were available, the periodate method was studied 
with the objective of developing a technique suitable for handling 25 to 50 
mg. samples. 

Methylation studies (7, 8) have indicated that the length of the repeating 
chain in rabbit liver glycogen is about 12 anhydroglucose units. Oxidation 
studies with potassium periodate (9) have confirmed this value for most 
preparations (5) and have indicated a chain length of 11 for human muscle 
glycogen. During the course of the present study two publications ap- 
peared in which the chain length of rabbit liver glycogen by sodium peri- 
odate oxidation was found to be about 18 (10, 11). In one of these publi- 
cations (10), a new enzymatic method for the determination of chain 
length was reported which indicated a value of 14.7 for rabbit glycogen. 
However, other workers (12) have since reaffirmed the earlier value of 12 
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by oxidation with dilute sodium periodate. It is apparent that the prob. 
lem of unit chain length of glycogen is not completely settled and that the 
results may depend on the method of analysis. The data obtained by 
periodate oxidation presented herein are, therefore, considered to be com. 
parative but not necessarily true average chain lengths. 

Periodate Oxidation—A 50 mg. sample of dried glycogen was weighed 
rapidly and dissolved in | ml. of water in a 5 ml. volumetric flask. The 
solution was cooled in an ice water bath and 4 ml. of 0.2 m sodium periodate 
(previously cooled to 2°) added. Reaction mixtures were then placed ina 
refrigerator maintained at 2°. Aliquots of 1 ml. were transferred at suit- 
able intervals to 10 ml. flasks containing about 0.1 ml. of ethylene glycol, 
All glassware used up to this point was precooled in the refrigerator. It 
was found necessary to take the usual steps to insure absolutely clean 
glassware by washing in chromic acid and distilled water, followed by 
steaming and drying. 

The solutions were allowed to stand at room temperature for | hour 
prior to titration. Formic acid was measured by titration to the methy| 
red end-point with 0.01 N barium hydroxide from a Machlett micro burette 
fitted with a No. 23 hypodermic needle. The quantity of barium hydrox- 
ide solution required for the titration was usually in the range of 0.4 to 0.7 
ml., depending on chain length. A 25 mg. sample could be treated as 
above by the use of half the quantity of reagent. Controls of sodium 
periodate solution without glycogen were run parallel to the oxidation 
test. These did not show any increase in acidity. All glycogen samples 
were similarly found to be free of acidity. 

Results—The results of the periodate oxidations are listed in Table II as 
average chain lengths at different time intervals. The data obtained by 
the method described above (Method A) show that, with increasing reac- 
tion times, progressively lower values are obtained for the average chain 
length. The procedure of Potter and Hassid (13) for amylose and amy- 
lopectin has been shown by Schlamowitz (11) to reach a constant value for 
glycogen after a reaction time of 24 hours. As already noted (11), this 
method (Method B) is capable of detecting a glycogen of low chain length 
and is, therefore, satisfactory for comparative purposes. Method B does, 
however, yield higher values for the chain length of rabbit liver glycogen 
than other published procedures (9). The results with Method A after a 
24 hour oxidation show good agreement with those obtained by the enzy- 
matic method of Cori and Larner (10). 

The essential difference between Method A and Method B is that in the 
former a larger excess of oxidant is provided, although the concentration is 
lower. As noted by Abdel-Akher and Smith (12), the presence of a sub- 
stantial excess of periodate at a low concentration appears to be important 
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for insuring quantitative oxidation of terminal glucose residues to formic 
acid without extensive oxidation of primary oxidation products. It ap- 
pears that the enzymatic method (10), by virtue of its specific nature, 1s 
probably the most reliable procedure for obtaining true average chain 
lengths of glycogen preparations. The periodate technique, although of 
great comparative value, cannot be regarded as completely specific. 

A comparison of the chain lengths determined at 24 hours of glycogens 
from different individuals (Table II, Method A) shows that only the prep- 


TaBLeE II 
Chain Length of Glycogen 


Chain length 


Source | Method A 
Method 
| B (11) 
| 5 hrs. 24 hrs. | 48 hrs. | 72 hrs. 
Human liver normal | 
Heavy fraction (P. F.) (2)............... 13.5 | 12.5 
Human liver, glycogen storage | 
Autopsy heavy fraction (N. D.) (2)...... 14.0 | 11.0 | 10.5 
light 14.0 , 10.5 9.5 
Human muscle, normal 
Human muscle, glycogen storage 


The numbers in roles to 


arations from the liver of N. D., which gave values of 9.5 to 11, differed 
significantly from the results obtained on other samples, which varied from 
13 to 15. The fractions separated on the basis of particle weight (2) from 
the liver of P. F., a normal individual, did not show significant differences 
in chain length. Likewise, the light and heavy fractions from the liver of 
N. D. were essentially identical and with a shorter average chain length. 
Determinations by Method B also show the difference in chain length for 
the glycogen samples of the two individuals, although the absolute values 
are higher than those obtained by Method A. 

It is of interest that the liver glycogen of the patient (P. N.) with von 
Gierke’s disease had a normal chain length. 
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An interpretation of the significance of these data for human glycoge) 
storage diseases cannot be presented with the limited data available at this 
time. The important observation is that glycogen disorders may be accon.- 
panied by abnormal glycogen structures. These abnormalities may be 
associated with chain length, as in the case of N. D., or, as noted in the 
following paper (2), with particle size. 


SUMMARY 


1. Glycogen prepared from several samples of human tissue, including 
two cases of glycogen storage disorder, has been characterized by optical 
rotation and by rotation of acid hydrolysates. 

2. Glycogen from human liver gives a more opalescent solution than 
rabbit liver glycogen or human muscle glycogen. A sample of glycogen 
from one case of glycogen storage disorder (von Gierke’s) shows less tur- 
bidity in molar saline than does normal liver glycogen. 

3. A periodate technique is described for determining comparative aver- 
age chain lengths of glycogen with 25 or 50 mg. samples. 

4. Several normal human glycogen preparations from both liver and 
muscle tissue have been observed to have about the same average chain 
length. Liver glycogen from a patient having a glycogen storage disease 
primarily affecting muscle was about 25 per cent shorter in chain length 
than normal liver glycogen preparations. The muscle glycogen from this 
patient was not definitely different in chain length from the glycogen of 
normal individuals. A preparation of glycogen obtained by biopsy from 
the liver of a patient with von Gierke’s disease showed normal chain 
length. 
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Early investigations of the size of glycogen by osmotic pressure measure- 
ments indicated molecular weights of 500,000 to 3,500,000 for this sub- 
stance (1, 2). Since that time several studies of glycogen have been made 
in the ultracentrifuge. Bridgman (3) reported that rabbit liver glycogen 
is inhomogeneous with the maximum component, having a sedimentation 
constant of about 70S and exhibiting a spread of values from 20 to 120 S. 
Similar findings were reported by Bell e¢ al. (4) for glycogen samples of 
different origin. Chargaff and Moore (5) reported the isolation from tu- 
bercle bacilli of a glycogen which had an average particle size somewhat 
greater than those obtained from animal tissues. 

In the present study, the objective was a comparison of glycogen samples 
from normal individuals and from those having glycogen disorders. All 
the samples were purified in the same manner in order to obtain compara- 
tive results (6) since it is recognized that different methods of handling 
may be reflected in the physical properties of the glycogen. A _ single 
sample of glycogen from normal human muscle studied by Bell e¢ al. (4) 
did not differ significantly from the animal preparations. In the present 
investigation it was found that glycogen from a patient (N. D.) with a 
glycogen storage disorder of muscle! differed from normal samples in the 
distribution of sedimenting components. 

Preparations of human liver glycogen show two distinct sedimenting 
peaks, indicating that the distribution of particle sizes is not continuous. 
These two kinds of liver glycogen have been separated by chemical fraction- 
ation and by differential centrifugation in the preparative ultracentrifuge. 
The glycogen from a single case of liver glycogen storage disease (von 
Gierke’s disease) did not show the heavy material found in preparations 
from normal individuals. 


* This investigation was aided by research grants from the National Institutes of 
Health, United States Public Health Service. 
1W. Krivit, W. J. Polglase, F. D. Gunn, and F. H. Tyler, in preparation. 
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EXPERIMENTAL 


Studies were made in the Spinco (Specialized Instruments Corporation) 
electrically driven model E ultracentrifuge, with the controls and proced- 
ures previously described (7). All the runs were conducted at speeds 
between 15,000 and 20,000 r.p.m. at room temperature. The samples were 
freshly prepared by dissolving in molar sodium chloride at a concentration 
of 1 per cent. Sedimentation constants were calculated from the peak 
positions and incorporate the usual corrections for the density and viscosity 
of the medium (8). The constants (s2,.) are given in Svedberg units 
where = 1 X 


Lier Glycogen 


Bridgman (3) has shown for rabbit liver glycogen that little or no diffu- 
sion occurs in the short time that glycogen samples are sedimented in the 
ultracentrifuge. In view of the large sedimentation and low diffusion con- 
stants exhibited by glycogen (3, 4), this is to be expected. The spreading 
of the boundaries is then due mainly to the polydispersity of the glycogen 
samples with the peak position representing the most probable sedimenta- 
tion value for a family of molecules of different sizes grouped about a 
mode. In the present study, when two “components” were found, that is 
two peak positions, estimates were made of the relative amounts distributed 
about each peak, as though cach of these were present in a relatively 
symmetrical manner. The values are given to the nearest 5 per cent. 
This arbitrary procedure was used to give a comparison of the different 
samples. Good agreement was found in different runs with the same 
material, and samples of glycogen from the same individual (N. D.), ob- 
tained first from a liver biopsy and some weeks later on autopsy, were in 
excellent accord (Table I). References to heavier and lighter ‘‘compo- 
nents’? are used for convenience in referring to these families of molecules. 

The results for human liver glycogen are presented in Table I, together 
with samples from rat and rabbit liver for comparison. These data show 
that all preparations sedimented with a peak position which gave 8200 
values in the range of 60 to 100 S in good agreement with the range for 
peak positions previously reported by Bridgman (3) and by Bell et al. (4) 


with samples of rabbit liver glycogen. In contrast to the animal prepara- _. 


tions, all human liver glycogens except one exhibited 20 to 55 per cent of a 
secondary peak representing heavier material which was clearly distinguish- 
able from the lighter fraction. The sedimentation constants for the peak 
of this fraction have varied from 150 to 300 S, with a spread of values 
overlapping the light component on one end of the scale and containing 
material with values as high as 4508. The absence of the secondary heavy 
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component in the sample from subject P. N. is of particular interest since 
it was obtained from a patient showing the symptoms of von Cuerke’s 
disease (6). Representative sedimentation patterns of human liver glyco- 
gen samples are illustrated in Fig. 1, B, C, D, and E-’ 

The sample of rabbit liver glycogen (Fig. 1, 4) shows a small secondary 
peak of lighter material with soo, = 215. Siust h a peak was observed by 
Bridgman (3) in some samples. 

Fractionation of Liver Glycogen—The heavy fraction of a glycogen prep- 
aration from one normal individual (autopsy (P. F.); see Fig. 1, B) was 


TABLE I 
Sedimentation of Liver Glycogens 


Component 1 | Component 2 
$20,w $20,w 
r. p.m. S per cent Ss | cent 
19,160 | 95 90 24 «10 
15,220 63 | 80 150 | 20 
” (gly “on storage) biopsy (N. D.).. 20,410 74 65 220 | 35 
(von Gierke’s) biopsy (P. N.)......... 15,220, 75 | 99+ | | 
(normal) P. , Fraction 1.............| 15,220 | | 300 | 95 
19,160) 58 | 99+. | 
storage) N. Fraction 15,220 | 220 «99+ 
2. 19,160 | 59 99+ | 


* This sample | was purified only by alcohol precipitation; it was not given the 
acetic acid treatment used for the other samples (6). 


precipitated by the addition to the aqueous solution of glacial acetic acid 
to a concentration of 67 per cent volume per volume as described below. 
The lighter fraction was obtained by ultracentrifugation from the glycogen 
remaining in the supernatant. 

Glycogen (508 mg.) prepared as previously described (6) was dissolved 
in water to give a final volume of 10 ml. Glacial acetic acid (21 ml.) was 
added slowly with stirring, and the mixture was centrifuged for 1 hour at 
2000 r.p.m. The precipitate was dissolved in water and freed of acetic 


2? For preparations of human liver glycogen, it was generally necessary to make two 
series of photographs, the first set for estimating the sedimentation constant of the 
heavier fraction and the second set for the lighter material. The patterns chosen 
for illustration were selected to demonstrate the presence of both peaks at the same 
time. 
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acid by several successive precipitations from water with ethanol. After 
washing with alcohol and acetone and drying at 94° in vacuo, the product 
weighed 72 mg. (P. F.; Fraction 1). [a];? = +198° + 5° (1 per cent, y 
NaCl). 

The glycogen remaining in solution in 67 per cent acetic acid was precip. 
itated by the further addition of 15 ml. of acetic acid. The precipitate 
was collected, washed, and dried in the usual manner; yield, 390 mg. This 
material was dissolved in 26 ml. of aqueous m sodium chloride. The 


c 


Fic. 1. Representative tracings of photographs taken during sedimentation anal- 
yses of glycogen from liver. The arrow indicates the direction of radial migration. 
For each preparation there is given the time after attaining the stated velocity in 
revolutions per minute that the photograph was taken. A, rabbit, 43 minutes at 
20,410; B, P. F. (normal, autopsy), 8 minutes at 20,410; C, J. K. (normal, autopsy), 
14 minutes at 15,220; D, N. D. (glycogen disorder, biopsy), 8 minutes at 20,410; E, 
P. N. (von Gierke’s disorder, biopsy), 42 minutes at 15,220; F, P. F., Fraction 1,3 
minutes at 15,220; G, P. F., Fraction 2, 34 minutes at 19,160; H, N. D., Fraction 1, 
18 minutes at 15,220; 7, N. D., Fraction 2, 31 minutes at 19,160. (For P. F., Fraction 
1, the extremely high sedimentation constant for the sample, 300 S, is illustrated 
by the fact that it has moved half way down in the short interval after attaining 
15,220 r.p.m.) 


solution was centrifuged for 90 minutes at 19,160 r.p.m. in the preparative 
head of the ultracentrifuge. A pellet of gelatinous precipitate formed at 
the bottom of the centrifuge tubes, and the supernatant liquid (22 ml.) 
was removed without disturbing this precipitate. The glycogen was pre- 
cipitated from this supernatant by the addition of ethanol (28 ml.) and was 
purified and dried in the usual way; yield, 108 mg. (P. F.; Fraction 2). 
fa}? = +190° + 2° (1 per cent, mM NaCl). 

By the same procedure, fractionation of a glycogen preparation (1.80 
gm.) from liver obtained at autopsy of the patient having glycogen storage 
disorder of muscle (N. D.) gave a fraction (295 mg.) insoluble in 67 per 
cent acetic acid (N. D.; Fraction 1) and a lighter fraction (430 mg.) from 
the ultracentrifuge (N. D.; Fraction 2). N. D.; Fraction 1, [a]?? = +198° 
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+6° (0.5 per cent mM NaCl); Fraction 2, [a};’?’ = +194° + 2° (1 per cent 
NaCl). 

The s20.~ Values for these liver glycogen fractions are recorded in Table 
[and representative sedimentation patterns are shown in Fig. 1, F, G, H, 
and J. Although the s2o,. values of P. F., Fraction 1, and N. D., Fraction 
1, are different (300 S and 220 §, respectively), this is not significant in 


= 


Fic. 2. Representative sedimentation patterns obtained on human muscle glyco- 
gen. A is anormal sample obtained at autopsy (P. F.). The first picture was taken 
27 minutes after attaining speed (19,160 r.p.m.), the second picture 8 minutes later, 
and subsequent ones at 16 minute intervals. B shows the behavior of a normal 
glycogen sample obtained by biopsy (B. K.). The first photograph was taken 12 
minutes after reaching 19,160 r.p.m. The second and third pictures were taken at 
8 minute intervals, subsequent ones 16 minutes apart. C, behavior of a sample ob- 
tained by biopsy from an individual (N.D.) with glycogen storage disease of muscle. 
The first photograph was obtained 26 minutes after reaching constant speed (19,160 
r.p.m.); subsequent exposures were made at 16 minute intervals. 


view of the low value (soo... = 1508) obtained in one other normal (J. TH. 
W.). It should be stated, however, that autopsy sample J. H. W. was 
obtained in very small yield from a tissue in which considerable glycogen- 
olysis may have occurred, and may not be truly representative material. 

The values obtained for the separated lighter fractions, so5, = 58 8 
(P. F., Fraction 1) and seo. = 59S (N. D., Fraction 1), are somewhat 
lower than those obtained for these components before fractionation, 820, 
= 68S (P. F.) and sx. = 74S (N.D.). This indicates that some of the 
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heavier material was removed from solution in the ultracentrifuge. It 
would appear that further fractionation would yield a gradation of molecu- 
lar sizes unlike the fractionation into two relatively distinct polymer. 
homologous series which has been described above. From the presently 
available data, there appears to be no fixed distribution of the lighter and 
heavier fractions in normal human liver glycogen. Since it is difficult to 
standardize the method of obtaining samples, undeterminable amounts of 
autolysis may occur between the time of obtaining the tissue and the time 
at which the tissue is chemically digested. The relative amounts of light 


TaB_Le Il 
Sedimentation of Muscle Glycogens 


| Component 1 2 
Preparation Speed id 
$20, w ‘Amount 5$20,w Amount 
| r.p.m. | S percent) S per cent 
Human skeletal (normal) autopsy (P. F.)...... 19,160 | 47 | 85 12 15 
biopsy (B. K.)....... 19,160 | 69 99 + 
“ 19,160, 53 90 | 15 | 10 
(glycogen storage) biopsy (N. 
Human skeletal (glycogen storage) biopsy (N. 
19,160; 60 | 60 | 22 | 40 
Human skeletal (glycogen storage) autopsy (N. 
Human skeletal (glycogen storage) autopsy (N. 
19,160 60 70 28 | 30 
Ifuman skeletal (glycogen storage) autopsy (N. 
Human heart (glycogen storage) autopsy (N. | | | . 
19,160 | 75 | 70 | 38 | 30 


und heavy materials and the average molecular distribution within each 
group may change during autolysis or during normal metabolism. 
Preparations of “heavy glycogen” (Fraction 1) give extremely opalescent 
solutions in contrast to the purified lighter Fraction 2 which yields water- 
clear preparations. The highly turbid character of solutions of normal 
human liver glycogen has already been mentioned (6). It is noteworthy 
that solutions of the liver glycogen sample of P. N., which does not show a 
distinct peak for a heavy component, show only slight opalescence. 


Muscle Glycogen 


The glycogen of normal human muscle is not appreciably different in 
sedimentation behavior from animal glycogen samples previously studied 
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(4), and the spread of curves is similar to those exhibited by animal liver 
glycogen preparations. Two preparations (P. I’. and G. G.), considered to 
be normal, contained small amounts of a light component (Fig. 2, A), 
whereas one preparation (B. K.) showed only a single peak (Fig. 2, B). 
Glycogen from the patient (N. D.) having glycogen storage disease of 
muscle showed, in all samples examined, 30 to 40 per cent of lighter mate- 
rial with the peaks having 820. = 22 to 388. The two distinct peaks are 
clearly shown in Fig. 2, C. It should be noted that repeated determina- 
tions on separate samples of glycogen from subject N. D. gave results in 
good agreement with one another; the data are given in Table II. <A 
sample of glycogen from cardiac muscle of N. D. closely resembled those 
from skeletal muscle. 


DISCUSSION 


The presence of distinct peaks for heavy and light components in human 
liver glycogen is indicated both by sedimentation behavior and by their 
separation by simple precipitation techniques. The absence of the heavy 
fraction in liver glycogen from P. N. may be of significance in von Gierke’s 
disorder. In their review of glycogen storage disorders, Mason and Ander- 
sen (9) concluded, as a result of their biochemical studies, that no abnor- 
mality was present in the glycogen but that the enzyme system was unable 
to metabolize glycogen in a normal fashion. Our results do not contradict 
these findings but suggest that the fundamental enzymatic disorder may 
be accompanied by a change in the physical nature of the substrate and 
that an examination of glycogen in the ultracentrifuge may be of some 
importance in a study of glycogen disorders. 

The samples of human muscle glycogen are similar to those obtained 
from animal liver in these studies and also to those in the studies by Bell 
and coworkers (4). However, the glycogen from the patient with glycogen 
storage disease of muscle (N. D.) contains substantial amounts of a lighter 
fraction which is present in smaller amounts in the other three samples of 
muscle glycogen examined. This again suggests that a physical difference 
in glycogen may occur as a result of what is, no doubt, fundamentally a 
disturbance in the enzyme system. 


SUMMARY 


1. Normal human liver glycogen contains two polydisperse components 
with sedimentation constants for the peak positions for one, in the range of 
60 to 100 8, and for the other from 150 to 300 8. These have been sep- 
arated from one another by fractional precipitation and by ultracentrifuga- 
tion. 
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2. A liver biopsy from a case of glycogen storage disease of liver (von 
(jierke’s disease) yielded a glycogen containing only the lighter material, 

3. A preparation of glycogen from a case of glycogen storage disease of 
muscle contained a lighter fraction which was present in smaller amounts 
in the normal human muscle samples examined. 
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ACETY LCHOLINESTERASE* 
XIII. REACTIVATION OF ALKYL PHOSPHATE-INHIBITED ENZYME 


By IRWIN B. WILSON 


(From the Department of Neurology, College of Physicians and Surgeons, Columbia 
University, New York, New York) 


(Received for publication, May 7, 1952) 


In a previous paper (1) it was shown that the inhibition of acetyl- 
cholinesterase caused by tetruethyl pyrophosphate, while irreversible by 
dialysis or dilution, could be reversed rapidly by reaction with hydroxyl- 
amine or choline and very slowly by reaction with water. <A theory of the 
mechanism of inhibition by phosphate esters (tetraalkyl pyrophosphates, 
dialkyl halophosphates, dialkyl p-nitrophenyl phosphates, etc.) as a group 
was presented, which was based largely upon the theory of enzyme action 
(2-8), the chemical properties of these inhibitors, the pH dependence of 
inhibition, and the observations of Jansen et al. (9, 10) upon the inhibition 
of chymotrypsin by diisopropyl! fluorophosphate. 

The mechanism of inhibition parallels the mechanism of normal enzyme 
activity but differs very greatly in the quantitative aspects. A reversible 
enzyme-inhibitor addition complex, involving a covalent bond (coordinate) 
between the basic group of the esteratic site and the electrophilic phos- 
phorus atom of the inhibitor, is initially formed. ‘There follows a transfer 
of a proton from the acid group to an oxygen or halide atom simultaneous 
to a basic attack upon the phosphorus atom, resulting in the splitting out 
of a halogen acid, phenol, or phosphate molecule. As a consequence a 
relatively unreactive phosphoryl enzyme is formed. During the normal! 
activity of the enzyme, 7.e. during the hydrolysis of carboxylic esters, an 
acylated enzyme is formed, but this intermediate reacts rapidly with water 
to form an acid and regenerate the enzyme. Phosphoryl enzyme, on the 
other hand, reacts only very slowly with water; it is the slowness of this 
reaction which makes these phosphate esters inhibitors rather than sub- 
strates. It is not, in the case of halophosphates and pyrophosphates, the 
ester linkage which is split. 

In the case of tetraethyl pyrophosphate the inhibited enzyme may be 
regenerated slowly by water or rapidly by reaction with choline or hy- 
droxylamine. 

All of the different phosphates should yield inhibited enzymes differ- 


* This investigation was supported by research grants from the Division of Re- 
search Grants and Fellowships of the National Institutes of Health, United States 
Public Health Service. 
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ing at most from one another only in the alkyl groups. For example, 
tetraethyl pyrophosphate and diethyl fluorophosphate should yield di- 
ethylphosphoryl enzyme, but diisopropyl fluorophosphate should yield an 
inhibited enzyme containing isopropyl rather than ethyl groups, 7.e. di- 
isopropylphosphory! enzyme. 

This paper is concerned with the details of the reactivation process, the 
properties of the phosphoryl enzymes, and the nature of the reactivators. 


Methods 


Purified acetylcholinesterase from electric tissue of Llectrophorus elee- 
tricus, assaying 8 gm. of acetylcholine hydrolyzed per ml. per hour, was 
used in this work. 1 ml. of enzyme was added to 1 ml. of 0.05 m phosphate 
buffer at pH 7 containing 0.1 per cent gelatin and 0.05 m NaCl, 3 ml. of 
inhibitor solution containing about 1.5 y of inhibitor per ml., sufficient 
to inactivate close to 100 per cent. A control contained no inhibitor. 
These solutions were stored in the refrigerator and used after 2 days. 

0.1 ml. of inhibited enzyme was withdrawn and incubated in a small 
vial with the various reactivators for suitable times and then diluted to 
40 ml. or less (depending upon the extent of reactivation), and 1 ml. was 
assayed manometrically. The activity was always compared to that of a 
sample of inhibited enzyme diluted to 10 ml. and to uninhibited enzyme 
diluted to 40 ml. In this manner reactivations of as little as 1 or 2 per 
cent can be observed, although with poor precision. 


Results 


The temperature dependence of the reactivation is given in Table | 
for the reagents, hydroxylamine and choline. While the enzyme deterio- 
rates about 10 per cent per day at 24° and about 20 per cent per day at 30°, 
there is little interference with measurements extending over a few hours. 
The initial recovery rate was calculated on the assumption that the rate 
at any instant is proportional to the amount of enzyme yet to be reac- 
tivated. This method of handling the data appears to be quite satisfactory 
and introduces only a slight difference in the relative rates. The values for 
choline at 2° were not used in the calculation of energy of activation, since 
they are too low for satisfactory accuracy. The reactivation of enzyme 
inhibited by tetraethyl pyrophosphate as a function of the concentration 
of choline and of hydroxylamine at 23° is shown in Fig. 1. The choline 
curve is a typical enzyme curve illustrating the phenomenon of saturation. 
The hydroxylamine curve does not show saturation, even though in this 
ease the method of graphing the data favors a leveling of the curve, since 
the reactivations are high and necessarily cannot exceed 100 per cent. 
Choline is evidently bound at the anionic site by the inhibited enzyme and 
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TaBLe I 
Temperature Dependence of Reactivation of Tetraethyl Pyrophosphate Inhibition by 
Choline and Hydroxylamine at pH 7 


Hydroxylamine 0.1 m 


4° 24° 30° 


| 
Calculated initial recovery rate, % per hr......... 50 103 141 


Choline 0.25 m 


23° 

Calculated initial recovery rate, average, % per hr. 0.9 | 13.8 26.5 


Energy of activation, hydroxylamine, 7.0 kilocalories per mole 
choline, 14.5 kiloealories per mole 


hydroxylamine is not. The Michaelis-Menten constant for choline is about 
0.03 M. 

That the anionic site of the normal enzyme is apparently still available 
in the phosphoryl enzyme for binding suggested that it might be possible 
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Fig. 1. The reactivation of tetraethyl pyrophosphate-inhibited enzyme by choline 
and hydroxylamine at pH 7 and 23° as a function of the concentration of the reacti- 
vator. Curve a, hydroxylamine, 3} hour; Curve b, choline, 1 hour. 
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to inhibit the reactivation process by the same cationic reagents which 
reversibly inhibit the normal enzyme. The results of this investigation 
in which tetramethyl- and trimethylammonium ions are used as inhibitors 
are presented in Table II, where it is seen that the theoretical expectations 
are fulfilled. The inhibition of hydroxvlamine reactivation is expected to 
be essentially non-competitive, since hydroxylamine is not. significantly 
bound by the enzyme. ‘The dissociation constant of the inhibitor-diethyl- 
phosphoryl enzyme complex is given, therefore, by the concentration which 
produces 50 per cent inhibition. Choline reactivation, on the other hand, 


TABLE II 


Inhibition of Hydroxylamine and Choline Reactivation of Tetraethyl Pyrophosphate- 
Inhibited Enzyme by Tetramethylammonium Ion and Trimethylammonium 
Ton at pH 7 and 24° 


Per cent Per cent inhibition 


reactivation | of reactivation 
+ trimethylammonium ion 0.50 M........... 1.0 97 
+ 11.7 65 
se 16.0 51 
+ tetramethylammonium ion 0.50 mM... 8.0 76 
+ 13.3 60 
+ 16.1 51 
15.0 
+ trimethylammonium ion 0.50 mM. 0.0 100 
4 “ 09.25. 3.3 78 
+ 7.8 48 
+ tetramethylammonium ion 0.50 4.1 73 
+ 


should be competitive, and, since the concentration of choline in this 
experiment is equal to the Michaelis-Menten constant, the concentration 
of inhibitor required to produce 50 per cent inhibition should be twice 
as great as for non-competitive conditions, 2.e. hydroxylamine reactivation, 
and that appears to be the case. 

The dissociation constants are about 0.05 mM and 0.1 m for trimethyl- and 
tetramethylammonium ions respectively. 

According to the theory outlined above, the phosphoryl enzymes ob- 
tained from tetraethyl pyrophosphate and diethyl fluorophosphate are 
identical, namely a diethylphosphoryl enzyme, and the reactivation ob- 
servations should be the same for both inhibitors. This is borne out in 
Table III, which shows the reactivation of diethyl fluorophosphate in- 
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hibition. The data in ‘Table III are similar to those previously obtained 
for tetraethyl pyrophosphate inhibition (1). Diisopropyl! fluorophosphate, 
however, should yield a different although similar phosphoryl enzyme, 


IIT 
Reactivation of Diethyl Fluorophosphate (DEF P)-Inhibited Enzyme by Water, Choline, 
and Hydroxylamine at About 4° and pH 7 


| dhe. 19 hrs. 28 hrs. 120 hrs. 8 days 35 days 
+0.5 mcholine............. | | 54 | 7.9 | 12.6 | 16.0 
+0.25 m choline............ | 4.7 {| 11.0 
+0.5m™ NH.OH............ | 13.6 | | 17.5 | 11.0 | 


TaBie 
Reactivation of Tetraethyl Pyrophosphate-Inhibiled Enzyme by Various Substances at 


24° ant pH 7 
Compound | Concentration Time Reactivation 
| M Ars. per cent 
Nicotinamide................... | 0.20 22 55 
Stilbamidine........... 2X 10-8 65 32 
| 4X 10- 65 24 
Tetraethanolammonium 0.05 40 50 
Triethanolammonium 0.05 40 | 35 
Diethanolammonium 0.05 40 10 
Dimethylaminoethanol ammonium ion......... 0.10 40 0 
Hexyldimethylaminoethanol ammonium ion.... 0.10 16 70 


namely diisopropylphosphoryl enzyme, and the reactivation data may be 
quantitatively different. ‘The difference is quite pronounced, the rate of 
reactivation being only 0.007 of that observed with the ethyl derivative 
at room temperature; 0.5 M NH2OH produced only about 6 per cent re- 
activation after 5 hours and 0.5 mM choline produced only about 2 per cent 
recovery in 27 hours. 
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According to the theory of reactivation, nucleophilic or basic reagents 
should be reactivators. We have, therefore, tested various compounds 
containing basic groups. ‘The results shown in Table IV indicate that 
compounds containing an amino group, pyridine ring, amidine group, 
guanidine group, hydroxyl, or mercaptan group may be effective reactivat- 
ing reagents for tetraethy] pyrophosphate inhibition. 


DISCUSSION 


The temperature dependence of the reactivation process is of practical 
interest in that it gives some indication of what might be expected with 
human cholinesterase at body temperature. The energy of activation, as 
might be expected from the much greater rate, was considerably lower 
with hydroxylamine than with choline. Since the concentration of choline 
corresponds to the saturation rate, the energy of activation is the difference 
in the enthalpy of the transition state and the choline complex. 

Since the reactivation rate is very low, the Michaelis-Menten constant 
for choline almost certainly corresponds to the dissociation constant of 
the complex. Its value, 0.03, is about 60 times greater than the constant 
for the complex formed between choline and the normal enzyme, 0.0005, 
obtained from measurements of reversible inhibition (8). We have then 
to account for the much poorer binding of choline by diethylphosphory! 
enzyme. Very likely the difference is caused by steric interference of the 
phosphoryl moiety attached at the esteratic site, with binding of choline 
at the adjacent anionic site. 

A similar comparison holds for tetramethyl- and trimethylammonium 
ions in which the binding with diethylphosphoryl enzyme is only about 
0.015 and 0.007 times as strong, respectively, as with the normal enzyme. 
The 2-fold difference between these ions, which are equal inhibitors of nor- 
mal enzyme, again suggests steric interference. It has been shown that 
there is partial steric interference between these ions bound at the anionic 
site and the relatively small molecule of thiolacetic acid bound at the 
esteratic site (7). 

The fact that these ammonium ions are bound by the inhibited enzyme 
shows that the anionic site has been preserved and that there has probably 
been no great alteration of the general geometrical structure of the enzyme. 

The inhibited enzyme formed with diisopropyl fluorophosphate is a 
diisopropylphosphoryl enzyme. The alkyl groups besides interfering with 
binding at the anionic site must shield the phosphorus atom from nucleo- 
philic attack, analogous to the very great shielding in the Sy2 reaction 
involving tertiary butyl compounds (11). It is possible to calculate an 
apparent entropy of activation for the reactivation of diethylphosphory| 
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enzyme by hydroxylamine (or choline) from the data of Table I. This 
value calculated from the transition state theory is numerically large, 
about —37 calories per mole per degree, consistent with a very restricted 
geometric path of attack. (The energy of activation is not high and so 
the path is not especially difficult, but is hard to find.) The very much 
lower rate of reactivation of the diisopropylphosphoryl enzyme can be 
explained in a consistent manner as resulting from the greater shielding of 
the phosphorus atom by the branched alkyl groups. The entropy of 
activation for choline reactivation is about —21 calories per mole per de- 
gree. The comparison with hydroxylamine is interesting in that it implies 
that choline is bound in a highly ordered manner, rendering it suitable for 
passing into the transition state. 

That the inhibition caused by diethy] fluorophosphate is readily reversed 
is consistent with the above argument and the general theory of alkyl 
phosphate inhibition. The reaction of diisopropyl fluorophosphate with 
the enzyme could hardly be fundamentally different from the reaction of 
diethyl fluorophosphate. 

As is clear from Table IV, many different nucleophilic or basic groupings 
serve to render compounds effective reactivators of diethylphosphoryl en- 
zyme. The amide and ester of glycine were used to insure a significant 
concentration of free amino groups; ammonium compounds do not reacti- 
vate at pH 7. Pyridine derivatives are interesting in that substitution in 
the 2 position decreases the rate of reactivation, an effect possibly caused 
by steric inhibition, since the functional group is the ring nitrogen. 

Stilbamidine reactivation illustrates the importance of binding features. 
Although the reactivation is not rapid, it is achieved at very low concen- 
trations. Stilbamidine and hydroxystilbamidine are equally effective in- 
hibitors of the normal enzyme, inhibiting 50 per cent at 6.5 X 10-° M. 

The reactivating effect attributed to creatinine is possibly due to small 
amounts of creatine. 

The quaternary structure of choline appears to be required for reactiva- 
tion, since the removal of one methyl group as in dimethylaminoethanol 
results in a loss of this property. This is quite surprising, since the third 
methyl group does not effect binding with the normal enzyme and more- 
over the normal enzyme hydrolyzes dimethylaminoethyl acetate quite 
readily (8). The series tetra-, tri-, and diethanolamine shows a similar 
though less pronounced reduction in reactivating ability. 

The saturation effect of choline reactivation and the variety of nucleo- 
philic reagents which reactivate the enzyme furnish further support for 
the existence of a phosphorylated enzyme and that it is the basic group 
of the esteratic site with a pK, of about 7 (3) which is phosphorylated. 

The confirmation of the predictions of the enzyme theory in its applica- - 
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tion to alkyl phosphate inhibition serves as strong support of the general 
validity of the theory. 


SUMMARY 


The energy of activation for hydroxylamine reactivation of cuzyme in- 
hibited by tetraethyl pyrophosphate is 7.0 kilocalories per mole and for 
choline reactivation 14.5 kilocalories per mole. The anionic site is pre- 
served in the inhibited enzyme and hence choline reactivation shows a 
saturation with respect to choline concentration and reactivation can be 
inhibited by tetramethyl- and trimethylammonium ions which are in- 
hibitors of the normal enzyme. Phosphorylation of the basic group in the 
esteratic site sterically interferes, however, with binding at the anionic 
site. 

Tetraethyl pyrophosphate and diethyl fluorophosphate vield equally 
reactive inhibited enzymes, but diisopropy! fluorophosphate vields a much 
less reactive phosphoryl enzyme. 

Compounds containing amino, pyridyl, guanidino, amidino, hydroxyl, 
or mercapty! groups may be effective reactivators. 


The author wishes to express his gratitude to Dr. D. Nachmansolin 
for his inspiring guidance and advice through this work. He also wishes 
to thank Mrs. Ida Freiberger for her assistance in performing the ex- 
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The work reported in this paper represents the first phase of the study 
of the structure of pepsin. Among other considerations, one important 
reason Which prompted these studies is the unique electrophoretic behavior 
of pepsin. As vet, no reliable determination of the isoelectric point of 
pepsin has been reported. Various authors have indicated that the iso- 
electric point is below pH 3.0 (1-3). The work of Tiselius et al. (4) has 
shown that pepsin behaves as if it were negatively charged in 0.1 N HCl. 
Unpublished work from this laboratory, in which the technique of ionog- 
raphy (the migration of charged particles on paper in an electric field) 
was employed, has indicated that the isoelectric point of pepsin is well 
below pH 1.0. The amino acid composition cannot account for this value. 
It seems reasonable to look for the answer to this problem in the structural] 
configuration and amino acid sequence of the pepsin molecule. 


EXPERIMENTAL 


The experiments to be described were carried out on a preparation of 
crystalline porcine pepsin,’ containing 15.2 per cent nitrogen, on an ash- 
and moisture-free basis, prepared according to the method of Northrop 
(5). An electrophoretic analysis of the preparation in an acetate buffer 
at pH 4.3, ionic strength 0.1, showed that it consisted of two protein com- 
ponents. The enzyme comprised 99 per cent of the total protein in the 
preparation. 

The terminal free amino groups of the pepsin were labeled by conjuga- 
tion with 2,4-dinitrofluorobenzene (DNFB) to form dinitrophenyl (DNP) 
derivatives (6). In a typical preparation, approximately 0.5 gm. of pepsin 
was dissolved in 20 ml. of 0.8 m bicarbonate buffer (pH 7.8) and 100 mg. of 
DNFB in 6 ml. of ethanol were added. This quantity of DNFB was 
calculated from the amino acid analysis reported by Brand and Edsall (7) 
to be in excess of the amount required to react with all of the free amino, 


* This work was supported by a grant from the Research Corporation. 

Part of the work reported in this paper was presented at the Forty-third annual 
meeting of the American Society of Biological Chemists, New York, April, 1952. 

' The erystalline pepsin was kindly furnished by Dr. L. Lachat of the Armour 
Laboratories, Chicago. 


121 


for 

he 

l)- 
he 
We 
ly 


{22 TERMINAL AMINO GROUP OF PRPSIN 


phenolic hydroxyl, and sulfhydryl groups in the pepsin molecule. The 
mixture was shaken for 3 hours at room temperature and then acidified 
with 6 N HC! (below pH 3.0). Upon acidification, the DNP pepsin pre 
cipitated. It was then centrifuged and washed repeatedly with acetone, 
ether, and mixtures of the two until the solvents contained no yellow color, 

The purified DNP pepsin was hydrolyzed from 8 to 16 hours in 6 N HC} 
at 100°. The hydrolysate was extracted with ether to separate the DNP 
amino acids and DNP peptides from the other products of the hydrolysate. 

Separation of the components of the ether extract on silica gel and 
buffered silica gel columns (6, 8) was found to be very time-consuming and 
did not give consistently reproducible results. The separations and iden- 
tifications were made by modifications of the paper chromatographic tech- 
nique described by Biserte and Osteux (9). The chromatograms were 
developed on Whatman No. 1 paper at 20° + 1°, with 10 to 25 y of the 
compound or mixture under study. 

The DNP derivatives of sixteen amino acids were prepared by the 
method of Sanger (6) or that of Abderhalden and Blumberg (10). All of 
the products gave Ry values, in several solvent systems, comparable with 
those in the literature (9). It was found that the authentic DNP amino 
acids could be separated into seven simple mixtures by the use of the 
“toluene” solvent system (toluene, pyridine, ethylene chlorohydrin, 0.8 x 
NH,OH; 5:1:3:3). These mixtures could be further resolved into their 
several constituents with the other solvent systems to be described. 


RESULTS AND DISCUSSION 


The preliminary separation of the ether-extractable constituents of hy- 
drolyzed DNP pepsin with the “toluene” solvent system is shown dia- 
grammatically in Fig. 1, a. Pepsin, oxidized with performic acid (11) 
and treated with DNFB, gives rise on hydrolysis to the same ether-ex- 
tractable compounds as shown in Fig. 1, a. Three principal fractions were 
obtained. The fractions indicated by the dotted lines were present in only 
trace amounts. Not all of these trace constituents could be obtained from 
every preparation of DNP pepsin. The ether extracts of DNP pepsin 
which had been hydrolyzed for 16 hours or more usually contained very few 
of the trace substances, besides having a diminished quantity of the com- 
pound in Fraction 2 (Fig. 1, a). These observations suggested that Frac- 
tion 2 and the trace substances might be DNP peptides. Upon eluting 
these fractions from the chromatogram with 2 per cent NaHCO; and sub- 
jecting them individually to further hydrolysis in 6 N HCl (8 hours at 100°), 
they were partially converted to a new compound corresponding to Frac- 
tion 1 in Fig. 1, a. Further, a ninhydrin-positive spot was usually found 
at or near the point of application, when these hydrolysates were chromato- 
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graphed again with the “toluene” solvent system. ‘The results of a typical 


experiment are shown in Fig. 1, 6. 
The Ry of Fraction 3 (Fig. 1, a) appeared to be the same as that of 


DNP alanine, DNP proline, and dinitrophenol in the “toluene” solvent 
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Fic. 1. (a) Chromatogram of the ether-extractable compounds from Prepara- 
tion H5 of hydrolyzed DNP pepsin, developed with the “‘toluene”’ solvent system. 
The spots indicated by dotted lines were present in only trace amounts. (6) Chro- 
matogram of Fraction 2 from Preparation H5 (Fraction H5-2) before and after hy- 
drolysis, showing the new compound which appears after hydrolysis and which 
moves with the same Ry as that of DNP leucine. The spot indicated by the dotted 
lines was ninhydrin-positive. (c) Comparison of the movement of the DNP com- 
pounds which have the same Ry as Fraction H5-3 in the ‘‘toluene”’ solvent system, 
by use of the “phenol” solvent system (phenol, isoamy! alcohol, water; 1:1:1). The 
spot indicated by the dotted line is dinitrophenol, an impurity in the DNP proline 


preparation. 


system. Eluting and rechromatographing Fraction 3 alongside of the 
DNP compounds indicated, with the “phenol” solvent system, resulted 
in the identification of Fraction 3 as dinitrophenol. The R, of Fraction 3 
was found to be identical with dinitrophenol in a number of other solvent 
systems. That the dinitrophenol is not an artifact carried along with the 
DNP pepsin may be concluded from the fact that the DNP pepsin is ex- 
haustively extracted with acetone and ether before it is hydrolyzed. It 
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must then be concluded that the dinitrophenol arises from the breakdown 
of some DNP amino acid during hydrolysis. 

Fraction 1 (Fig. 1, a) moves with an R»- corresponding to DNP leucine, 
DNP isoleucine, DNP tryptophan, and DNP phenylalanine in the ‘‘tol- 
uene” solvent system. It was found that the solvent system indicated 
in Fig. 2, a would separate DNP phenylalanine and DNP tryptophan from 
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Fic. 2. (a) Comparison of the movement of DNP amino acids which have the 
sume Fp as Fraction H5-1 in thie ‘‘toluene’’ solvent system, by use of the ‘‘isooc- 
tane’’ solvent system (isooctane, ethylene chlorohydrin, n-propanol; 20:1:1).  (b) 
Chromatogram of a mixture of leucine and isoleucine. (c) Chromatogram of a mix- 
ture of DNP isoleucine and Fraction H5-1 which had been hydrolyzed in saturated 
Ba(OH):. Solvent 1, m-cresol saturated with 0.3 per cent NH,OH; Solvent 2, col- 
lidine saturated with water. 


the DNP leucine isomers. ‘The latter could not be separated from each 
other. Fraction 1 has the same Rp as the DNP leucine isomers in this 
solvent system (Fig. 2, a). 

Since the DNP leucine isomers could not be separated in any of the 
many solvent systems tried, it Was necessary to recover the parent amino 
acids in order to identify Fraction 1. This was done by hydrolysis with 
barium hydroxide in a sealed tube at 100° (12). Leucine and isoleucine 
were recovered from their DNP derivatives in this manner and identified 
chromatographically with ninhydrin (Fig. 2, 0). When Fraction 1 and 
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DNP isoleucine were so treated, two spots were also observed on the 
chromatogram (Fig. 2, ¢). A repetition of this experiment with DNP 
leucine instead of DNP isoleucine resulted in only one spot appearing on 
the chromatogram. From these results, it may be concluded that leucine, 
with its amino group free, occupies a terminal position in the pepsin mole- 
cule. 

Although leucine appears to be the only terminal amino acid, the pos- 
sibility still existed that there was more than 1 terminal leucine residue. 
A quantitative estimation of the number of terminal leucine residues was 
earried out. 

With a Beckman spectrophotometer, it was found that the absorption 
at 350 mu was essentially the same per mole for all the monoDNP amino 
acids (6). The molar absorption of diDNP lysine was exactly twice that 
of the monoDNP amino acids at this wave-length. It is reasonable to 


Distribution of Ether-Soluble Dinitrophenyl Residues in Hydrolyzed DNP Pepsin 


Experiment H3 Experiment Héa Experiment H6b 


Equivalents per mole pepsin 


DNP leucine. ....... 


0.38 0.42 0.4 
DNP leucyl peptide (Fraction 2).......... 0.23 0.12 0.02 
Other DNP leucy] peptides................ 0.08 0.22 


_ 


conclude that the absorption of light at this wave-length is due almost 
entirely to the dinitrophenyl part of the molecule. The isolable dinitro- 
phenyl groups were used to measure the number of leucine residues to be 
found at a terminal position in the pepsin molecule. 

Known quantities of pepsin were treated with DNFB, hydrolyzed, and 
extracted with ether. Aliquots of the ether-extractable material were 
chromatographed. The individual fractions were eluted from the paper 
with 2 per cent NalfiCO,; and made up to volume, and the optical density 
was determined. By comparison with standard solutions of DNP leucine, 
it was found that approximately | residue was recovered per mole of pepsin. 
The molecular weight of pepsin was taken to be 35,500. The results are 
shown in Table I. In Experiment H3, (time of hydrolysis 8 hours) the 
“total ether extract”’ is the sum of the individually measured components. 
The amount of DNP leucyl peptides, other than that of Fraction H3-2, 
obtained in this experiment was so small that it could not be measured 
spectrophotometrically. In Experiments H6a (hydrolyzed for 8 hours) 
and H6b (hydrolyzed for 16 hours), the optical density of the “total 
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ether extract”? was determined before chromatographic separation into its 
components; the optical density of the separate fractions was measured 
after chromatography. Since at least 1 terminal residue per molecule of 
pepsin must be present, it is suggested that the dinitrophenol may have 
arisen from the breakdown of DNP leucine residues during hydrolysis, 
If the dinitrophenol arose from some other DNP amino acid source (e.g, 
e-N-DNP lysine or O-DNP tyrosine), a much larger yield of dinitropheno] 
might be expected to be recovered. The reason for the low yield of DNP 
leucine and high yield of dinitrophenol remains to be determined. ‘These 
data are consistent with the existence of 1 terminal amino residue per 
molecule of pepsin. In turn, this may be interpreted to mean that pepsin 
contains only one straight chain peptide. 


SUMMARY 


The method of labeling the terminal free amino groups of proteins 
with 2,4-dinitrophenyl groups has been applied to pepsin. This has 
resulted in the identification of leucine as the terminal free amino residue 
in pepsin. Quantitative studies indicate that there is 1 terminal leucy| 
residue per molecule of pepsin. 
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Acetic acid can be involved in several important metabolic processes. 
It has been shown to be a precursor of foodstuffs such as ketone bodies 
(1), fat (2, 3), and cholesterol (4). It has been estimated that acetate 
may be an intermediate for a large fraction of the total foodstuffs metab- 
olized by the body (5, 6). This is difficult to verify, since the methods 
available for the chemical estimation of small amounts of acetic acid are 
inadequate. If there is a rapid turnover of the compound, the amount 
present in the body at any given time could be small. It would be of 
value to ascertain to what extent the extrahepatic tissues are capable of 
oxidizing acetate directly. Considerable amounts can be oxidized to car- 
bon dioxide by the intact animal (7, 8). Since the liver is capable of 
chemically transforming acetic acid, it is not known to what extent the 
peripheral tissues use acetate, as such, and to what extent they utilize 
the chemical products resulting from the liver action. 

Recent work has shown that at least two extrahepatic tissues, the heart 
(9) and the diaphragm (9, 10), are capable of oxidizing acetate to CO». 
We have investigated this problem by the use of C-labeled acetate in the 
eviscerated animal. By removal of the liver and kidneys, the chief sites 
of transformation of acetate into intermediary products are undoubtedly 
eliminated and a preparation is obtained in which the direct utilization of 
acetate by the peripheral tissues can be studied. 


EXPERIMENTAL 


Treatment of Animals-—Non-fasted rabbits weighing approximately 2 
kilos were used. The abdominal viscera, including the kidneys, were 
removed by the method described by Mann (11). After recovery from 
the operation, which included the insertion of a tracheal cannula, the 
labeled acetate was injected intravenously and collection of the expired 


* This investigation was supported in part by a research grant from the Division 
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air was begun in order to follow the tagged CO, produced from the acetate. 
The activity injected was similar in all cases and was approximately 1.2 
million counts contained in 1 mg. of acetate; some rabbits received only 
this, while others received various amounts of unlabeled acetate as carrier 
in addition. 

Analytical Methods-—The methods used for the collection of the expired 
CO: and the determination of its radioactivity have been described (12). 
In all cases the samples used for the radioactive determinations were of 
infinite thickness. 

The acetate-2-C™ (1 me. in 1 mM) was purchased from Tracerlab, Inc., 
as the sodium salt. 


Resulls 


Manner in Which C'O, Is Kliminated-—Table I shows the specific ae- 
tivities of the expired CO, of the successive periods for the different ani- 
mals. It is noted that the specific activity of the expired CO, reached a 
maximum either in the Ist or in the 2nd hour, depending somewhat on the 
amount of carrier acetate that was administered. From the specific ac- 
tivity of the expired CO. one may derive a good idea of the manner in 
which the tagged CO, was produced by the tissues. At first the expired 
CO, had a lower specific activity than that produced by the cells, since 
at the beginning of the experiment there was a considerable amount of 
untagged ‘“‘body”? CO. which diluted the active material resulting from 
metabolism. The amount of this ‘body’? CO, equaled that which was 
expired in about 30 minutes (13). The fact that the specific activity of 
the expired CO, reached a maximum so early suggests that the cells pro- 
duced CO, of high activity from the beginning, but, as time went on, gave 
off CO, of lower and lower specific activities. After the maximum for the 
expired CO, had been reached, the CO, produced by the cells had a lower 
specific activity than that of the “body’’ CO, and hence diluted it. By the 
end of the 3rd hour, in almost all cases, the specific activity of expired CO, 
had dropped considerably from the peak; thus relatively little radioactivity 
remained in the body bicarbonate. The oxidation of acetate was largely 
completed by the end of the 3rd hour. 

Effect of Added Carrier on Amount of Acetate Oxidized—F ig. 1 shows 
that the rate of oxidation of acetate was dependent upon its concentration 
in the body fluids. The total amount oxidized by the end of the 4th hour 
was roughly proportional to the amount of carrier acetate given. Al- 
though there was considerable variation among rabbits given the same 
dose of carrier, the animals receiving the largest dose of carrier oxidized 
as much of the labeled acetate to CO, as did those receiving the smaller 
doses. 
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TABLE 


Relative Specific Activities of Expired CO, after Acetate Administration 


Relative specific activity* 


Experiment No. 
Period of experiment, | | 
hrs. | 4 


Acetic acidt administered, mg. per kilo 


0 -0.5 868 715 480 730 483 420 654 328 371 461 288 200 
0.5-1 820 710 755.1096 850 389 640 1007 585 447 
1 -1.5 410 640 484 570 637 600 880 845 628 840 657 500 
1.5-2 296 480 377 395 570 423 601 705 497 500 640 775 482 
3 «306 260 «365, 298 399 472 238 376 380 493 379 
150 175 «161 145 204 176 166 288 147 230 200 314 270 
5 106 «116 103 105 89 122 119 193 
Recovery of in- 
7 61 32 68 54 48 70 64 53 56 69 55 47 


' Salutes specific activity is ere counts per minute per mg. of carbon. 
t The carrier acetic acid was administered as the Na salt. 
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Fig. 1. Acetic acid oxidation as influenced by its concentration. The curves 
indicating the injected quantities of acetic acid (200 mg. per kilo, 300 mg. per kilo, 
etc.) represent Experiments 8 to 13 as given in Table I. 
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DISCUSSION 


It is apparent that the oxidation of the acetate must reach a maximal 
rate very soon after the injection of the material. At the time the specific 
activity of the expired CO, showed a maximal value, the specific activity 
of the COz produced by the cells must have decreased below a previous 
higher value. In our results that point was usually reached during the 
second or third half-hour period. The “body” CO: had to be equilibrated 
with the new tagged CO, during the preceding time and, therefore, re- 
quired a high rate of production of labeled CO, during that time. During 
the period showing the peak of COs: specific activity, production of labeled 
CO, was probably close to the rate at which it was expired by the lungs. 
The rate of oxidation of acetic acid at that time could be calculated, since 
the proportion of acetate oxidized to the amount injected was given by 
the ratio of activity exhaled to activity injected. The average figure so 
obtained for the animal, as shown in Experiment 11, which received 800 
mg. per kilo of carrier acetate, indicates that this rabbit was burning about 
290 mg. of acetic acid per kilo per hour. This rate of acetate oxidation 
accounts for one-half of the total CO. expired in that period. 

Our results cannot be used to settle the question as to whether there is 
normally a high basic turnover of acetate in metabolism. If such is the 
case, however, we can conclude that from the effect of added carrier on 
the rate of oxidation of the tagged material this ‘‘metabolic” acetate does 
not exchange with extracellular or injected acetate. We would expect 
that, if this intracellular ‘metabolic’ acetate exchanged with the extra- 
cellular, when this was highly diluted with carrier, the specific activity of 
the intracellular acetate and of the CO. metabolized from it would be 
low. When the labeled acetate in the extracellular compartment is un- 
diluted, the intracellular ‘‘metabolic”’ acetate would, in exchanging with 
it, attain a high specific activity and impart this to the produced carbon 
dioxide. 

It is to be noted that the recovery after 5 hours was still far from the 
100 per cent that was injected. At that time there remained in the body 
a large fraction (30 to 40 per cent) of the radioactive carbon that had 
been injected and yet very little radioactive carbon dioxide was exhaled 
at that time. The ratio of labeled to unlabeled carbon dioxide in the 
body was much lower than that immediately after injection of the ace- 
tate. This marked drop in specific activity of CO. occurred despite the 
fact that a large fraction of the injected acetate still remained in the body. 
This strongly suggests that the acetate had been changed to other com- 
pounds by the extrahepatic tissues. These compounds would appear to 
have had a much lower rate of oxidation to carbon dioxide than acetate. 
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SUMMARY 


The oxidation of acetate by the extrahepatic tissues has been studied 
with the aid of C-labeled acetate. This compound is very rapidly oxi- 
dized to carbon dioxide by the eviscerated animal. 

The amount of acetate oxidized in a given period is proportional to the 
amount injected and indicates that the rate of oxidation of this substance 
is proportional to its concentration in the animal. 

The general tissues of the body have a high potential capacity to oxi- 
dize acetate which can be evoked by administering a large injection. 
Probably at least half the energy needs of the tissues can be supplied in 
this manner. 

A considerable fraction (30 to 40 per cent) of administered acetate 
appears to be converted into other forms by the eviscerated animal. 
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CHEMICAL STUDIES WITH PLEUROMUTILIN* 


By MARJORIE ANCHEL 
(from the New York Botanical Garden, New York, New York) 


(Received for publication, June 16, 1952) 


An antibiotic compound, C22.H 3405, was recently isolated in this labora- 
tory from culture liquids of the Basidiomycete Pleurotus. mutilus and named 
“pleuromutilin” (1). Chemical studies, described in this paper, have re- 
sulted in partial characterization of the oxygen atoms, and in the isolation 
of a reduction product, an oxidation product, and an alkali degradation 
product. 

Of the 5 oxygen atoms in pleuromutilin, 2 can be accounted for as non- 
phenolic hydroxyl groups, and 1 as a hindered carbonyl group. The other 
2 are assigned tentatively to a lactone ring. 

The presence of two hydroxy! groups in pleuromutilin was demonstrated 
by the preparation of a diacetate, a di-3 ,5-dinitrobenzoate, and a disemi- 
phthalate. The hydroxyl groups are not phenolic, since pleuromutilin 
is a neutral compound, gives no color with ferric chloride, does not react 
with ethereal diazomethane, and does not show a characteristic phenol 
absorption maximum in the ultraviolet. 

Pleuromutilin shows the low absorption maximum in the ultraviolet 
at 290 mu characteristic of the isolated carbonyl group. But carbonyl 
reagents (hydroxylamine, thiosemicarbazide, 2 ,4-dinitrophenylhydrazine) 
react with pleuromutilin only to a very slight extent under the usual 
conditions. The carbonyl group is apparently hindered. However, a hy- 
drazone could be prepared and characterized analytically. 

It has not been possible to decide conclusively from the experimental 
evidence so far available whether the other 2 oxygen atoms of pleuromutilin 
are contained in a lactone ring or in an ester grouping. Attempts to open 
the lactone ring (or replace the alkyl group of the ester) have resulted in 
degradation of the molecule. Thus, on treatment with alcoholic alkali, 
a product was obtained which differs in composition from pleuromutilin 
by loss of C2H2O2. When heated with ammonia in a sealed tube, pleuro- 
mutilin retains a large proportion of its activity even after several hours. 
On prolonged heating, a product was obtained identical with that from the 
alkali degradation. In tests designed to distinguish between a,B- and 
8,y-unsaturated lactones (2), pleuromutilin behaves generally like the 


* This investigation was supported in part by a research grant from the National 
Microbiological Institute of the National Institutes of Health, United States Public 
Health Service. 
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former type: It reduces Tollens’ reagent, not instantaneously but after g 
few minutes, and does not reduce ammoniacal silver nitrate even afte: 
several hours. (The speed of reaction with Tollens’ reagent, however, 
may depend on the substitution of the lactone ring (3).) It is recovered 
unchanged after treatment with aniline or alcoholic hydrochloric acid 
In the sodium nitroprusside and dichlorophenolindophenol tests, carried 
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Fig. 1. Ultraviolet absorption spectrum of pleuromutilin (5.0 mg. per ml. in 95 
per cent ethanol). 


out according to Kuehl, Linstead, and Orkin (2), the results are incon- 
clusive. 

Taken as a whole, the above behavior may be explained about as equally 
well on the basis of either an unsaturated lactone structure or a B-keto 
ester structure. The latter grouping is suggested particularly by the 
degradation reaction. Further, while pleuromutilin shows end absorption 
in the ultraviolet (Fig. 1), this is not as high as would be expected for an 
a,B8-unsaturated lactone (4, 5). The lactone formulation is favored, how- 
ever, since it is difficult to reconcile the presence of an ester grouping with 
the negative result for alkoxyl groups (1). 

On catalytic reduction with Adams’ platinum oxide catalyst, pleuro- 
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mutilin takes up 1 mole of hydrogen. The product, Co2H36Os, is neutral 
and still has the absorption peak at 290 my, indicating that the carbonyl 
group has not been reduced. This result is in agreement with the as- 
sumption that the carbonyl] group is hindered, and that the hydrogen taken 
up is utilized in the reduction of an unsaturated lactone. It further sup- 
ports the assumption of an a,#-unsaturated lactone ring, since such rings 
are reduced to saturated lactones (5), while under the same conditions 
6,y-unsaturated lactones take up 2 moles of hydrogen and give the desoxy 
acid (6). However, the possibility is not excluded that an isolated double 
bond, not in the lactone ring, has been hydrogenated, since the reduction 
product still reacts with Tollens’ reagent, although somewhat more slowly 
than does pleuromutilin. 

Controlled oxidation of pleuromutilin with chromium trioxide results in 
loss of 2 hydrogen atoms. The product reacts readily with carbonyl 
reagents, and its ultraviolet absorption spectrum shows a maximum at 
300 mu, suggesting the presence in the molecule of a second carbonyl 
group. Presumably, one of the hydroxyl groups is oxidized selectively. 


EXPERIMENTAL! 


The pleuromutilin used in this work was isolated by the following pro- 
cedure.2. Batches of culture liquid of about 20 liters each were stirred 
with one-tenth the volume of chloroform, and the chloroform was separated 
ina De Laval centrifuge. The chloroform extract was dried over sodium 
sulfate and taken to dryness in vacuo. The residue was dissolved in 50 per 
cent methanol, about 65 ml. per gm. of residue being used, and submitted 
to a ten funnel counter-current distribution, with 50 per cent methanol as 
one phase and a 2:1 solution of ethy] ether-Skellysolve B as the other. 
The material in Funnels 4 to 9 usually showed the highest potency. The 
organic solvent was removed from these in vacuo, and the remaining 
aqueous solution and gum were extracted with chloroform five times, with 
one-fifth the volume of the aqueous phase each time. About 0.12 gm. of 
crude crystalline pleuromutilin was obtained per liter of culture liquid. 
Recrystallization from ethyl acetate-Skellysolve B proved to be most sat- 
isfactory. 

Pleuromutilin melts at 170-171°. It has a positive rotation: [a]?* = 
+20° (3 per cent in absolute ethanol). The original report of [a];’ < 0.05° 
(0.2 per cent in 50 per cent ethanol) (1) was perhaps due to the relatively 
large reading error involved when very low concentrations are used. 

Pleuromutilin Diacetate—A solution of 0.3 gm. of pleuromutilin and 0.12 


1 All final melting points are corrected for exposed stem. 
2 The author wishes to acknowledge the technical assistance of Mr. Marvin Cohen, 
Mr. Robert Reiss, Mr. Leo Warshawsky, and Miss Alice Hesse. 
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gm. of anhydrous sodium acetate in 1.5 ml. of acetic anhydride was re. 
fluxed for 1 hour. The reaction mixture was poured into 10 ml. of ice 
water, and the gummy precipitate was washed with ice water repeatedly, 
until it was obtained as a white powder. From this, after crystallization 
from absolute ethanol, 0.18 gm. of a crystalline product was obtained, which 
after three recrystallizations melted at 145.5°. It was dried in vacuo at 
78° for 3 hours for analysis. The values (in per cent) agree with the 
theoretical for a diacetate of Co2xH340O5; found,? C 67.44, H 8.31, COCH, 
19.11; calculated for CogH3s07 (462.56), C 67.51, H 8.28, COCHs 18.59, 

Pleuromutilin Di-8 ,5-dinitrobenzoate—A solution of 0.3 gm. of pleuro- 
mutilin and 1 gm. of 3,5-dinitrobenzoyl] chloride in 10 ml. of benzene was 
brought to a boil, and 2 ml. of pyridine were added. The solution became 
yellow-orange and slightly cloudy. It was boiled for a few minutes and 
diluted with ether. The cloudy ether solution was extracted with 10 per 
cent hydrochloric acid until this removed no more color, then with 5 per 
cent sodium bicarbonate until this gave no further precipitate on acidifica- 
tion. The clear yellow ether solution was dried over sodium sulfate and 
the ether and part of the benzene were distilled off. The benzene solution 
was added dropwise to Skellysolve A cooled in dry ice, and the precipitate 
was filtered and crystallized from methanol. A yield of 32 mg. of long 
heavy prisms was obtained; m.p. 228-232°. After two recrystallizations 
from ethanol-benzene, the compound melted at 249-250°. It was dried 
in vacuo at 78° for 2 hours for analysis. The analytical values (in per cent) 
agreed with the expected for a didinitrobenzoate of C2H3.,05; found; 
C 56.75, H 5.42, N 7.34; calculated for C36H3sOisN4 (766.70), C 56.39, H 
5.00, N 7.31. 

Pleuromutilin Disemiphthalate—A suspension of 420 mg. (about 1.1 mm) 
of pleuromutilin and 814 mg. (about 5.5 mmo) of phthalic anhydride in 2 
ml. of toluene was refluxed for 8 hours, then allowed to cool to room tem- 
perature. The crystals of phthalic anhydride which formed were filtered 
and washed with toluene. The combined washings and mother liquor 
were diluted with several times their volume of ether, and the solution was 
extracted with 5 per cent sodium bicarbonate until no further precipitation 
occurred on acidification of the alkaline extract. The extract was acidified 
with HCl, and the semicrystalline precipitate was filtered, washed with 
ice water, and dried in vacuo. The crude product, 363 mg., melted grad- 
ually near 130° with evolution of gas. It could be recrystallized from 
aqueous ethanol, from which it separated as clusters of stubby needles. 
Repeated crystallization did not result in sharpening the melting point, 
which varied with the rate of heating. For analysis, the compound was 
dried 7m vacuo at room temperature for a week. Analytical values were 


3 The microanalysis was performed by Mr. Joseph Alicino, Metuchen, New Jersey. 


; 
’ 
; 


M. ANCHEL 137 


in agreement with the expected for a disemiphthalate of pleuromutilin 
plus 1.5 moles of ethanol, except for the ethoxyl value. The reason for 
this discrepancy is not yet clear. Found,’ C 66.20, H 7.25, equivalent 
weight 365, OC.Hs 1.12; calculated for (743.82) (C3gH 201, 
+ 1.5 C;H;OH), C 66.20, H 6.91, equivalent weight 372, OC2Hs 9.09. 

Pleuromutilin Hydrazone—The reaction was carried out by adding 3 ml. 
of hydrazine hydrate solution (85 per cent) to a solution of 378 mg. (1 mM) 
of pleuromutilin in 3 ml. of acetic acid and dissolving the resulting pre- 
cipitate by addition of 3 ml. of methanol. The solution was kept at 85° 
for 20 hours, cooled, and treated with water dropwise, and the powdery 
white precipitate which formed was filtered and crystallized from ethy| 
acetate. The product, 269 mg., consisted of fine long rods in rosettes, 
which melted between 80—-90°. After four more recrystallizations from the 
same solvent, 154 mg. of crystals were obtained, melting at 94°, with some 
sintering at 90°. For analysis, the sample was dried in vacuo at 56° for 
4 hours. The analytical values agreed with the expected for a monohy- 
drazone of pleuromutilin, plus 1 mole of ethyl acetate; found,’ C 65.05, 
H 9.31, N 5.93, OC.H; 8.90; calculated for CogH gsOgNa, C 64.95, H 9.23, 
N 5.83, OC2Hs5 9.38. 


“‘Lactone”’ Tests 


The tests, carried out according to Kuehl et al. (2), with 15 mg. of pleuro- 
mutilin dissolved in 1 ml. of methanol, gave the following results. 

With Tollens’ reagent, the solution turned gray after a few minutes, then 
slowly deposited a silver mirror. With ammoniacal silver nitrate, no ap- 
parent reaction took place, even after several hours. With 2,6-dichloro- 
phenolindophenol, the behavior was the same as that of the blank. The 
same was true with sodium nitroprusside. After being refluxed with al- 
coholic hydrochloric acid for 2 hours, or standing with aniline overnight, 
pleuromutilin was recovered unchanged. 

Catalytic Hydrogenation—(a) A solution of 189 mg. (0.5 mm) of pleuro- 
mutilin in 3 ml. of 95 per cent ethanol was added to 100 mg. of Adams’ 
platinum oxide catalyst, which had been previously reduced under 2 ml. 
of absolute ethanol, and shaken with hydrogen at slightly above atmospheric 
pressure. The solution took up 13 ml. of hydrogen (theoretical for 1 mole 
of hydrogen per mole of pleuromutilin, 12 ml.). The catalyst was centri- 
fuged, the alcoholic solution was concentrated to a volume of about 1 ml., 
and to the warm solution about 0.5 ml. of water was added dropwise. A 
crop of fine rods was obtained which, after two recrystallizations from 50 
per cent ethanol, yielded 60 mg. of crystals melting at 149-150°. The 


‘The microanalysis was performed by the Huffman Microanalytical Laboratories, 
Denver, Colorado. 
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ultraviolet absorption spectrum in 95 per cent ethanol showed a maximum 
at 290 mu, e = 27. For analysis, the crystals were dried in vacuo at 78° 
for 2.5 hours. The analytical values agreed with the expected for a com- 
pound containing 2 more hydrogen atoms than pleuromutilin and 0.5 mole 
of ethanol, or 0.25 mole of water; found,* C 68.34, 68.59, H 9.49, 9.57; 
calculated for CooH 3605 + 3C.H;OH, C 68.45, H 9.74; CooH 3605 + 4H.0, 
C 68.63, H 9.56. Alkoxyl determination showed the absence of ethanol 
(alkoxyl less than 0.3 per cent); therefore the presence of water is the 
most acceptable explanation. In a Tollens’ test carried out simultane- 
ously with pleuromutilin, inception of the reaction lagged slightly behind 
the time required with pleuromutilin itself. 

(b) In order to avoid the presence of ethanol of crystallization, at first 
believed to account for the analytical values in (a), the reduction was 
repeated, with acetic acid as solvent instead of ethanol, and the product 
was recrystallized from aqueous acetone. The melting point of the product 
was the same as that from (a), and there was no melting point depression 
on admixture of the two products. For analysis the product (b) was 
dried in vacuo at 100° for 10 hours. The analytical values still agreed with 
the expected for a compound containing 2 more hydrogen atoms than 
pleuromutilin and 0.25 mole of water; found,’ C 68.78, H 9.57. This com- 
pound, as well as several other pleuromutilin derivatives, apparently holds 
solvent quite stubbornly. 

Oxidation of Pleuromutilin with Chromic Anhydride—A solution of 1.89 
gm. (5 mm) of pleuromutilin in 5 ml. of acetic acid was kept at 60° and 
treated dropwise with 3.3 ml. of a solution of chromic anhydride in 50 
per cent acetic acid (0.2 gm. per ml.). The addition required 1 hour. The 
solution was kept at 60° for an additional hour, after which it was entirely 
green. Water was added dropwise until crystallization began and was 
continued until further addition resulted in precipitation of oil. The pre- 
cipitate, consisting of silky needles, was filtered and washed with 50 per 
cent acetic acid, then with water, until only a faint bluish color remained. 
It was dried in vacuo at room temperature. The product consisted of 0.97 
gm. of material melting unsharply at 160-168°. After one recrystalliza- 
tion from aqueous ethanol, and one from absolute ethanol, 0.17 gm. was ob- 
tained, melting at 181—-182°. The ultraviolet absorption spectrum showed 
a maximum at 300 my, e = 88. For analysis, the compound was dried 
at 75° for 4 hours. The analytical values agreed with the expected for a 
compound containing 2 hydrogen atoms less than pleuromutilin; found, 
C 70.06, H 8.60; calculated for Co2xH320; (376.23), C 70.20, H 8.57. 

Reaction of Pleuromutilin with Alcoholic Potassium Hydroxide—A _ solu- 
tion of 0.19 gm. (0.5 mmo) of pleuromutilin in 1 ml. of methanol was added 
to 0.5 ml. of 2 N methanolic potassium hydroxide, and the solution was 
refluxed for half an hour, cooled, and treated with ice water until no 
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further precipitation occurred. The slightly yellowish product, about 0.19 
gm., melted at 177-181°. After four recrystallizations from aqueous eth- 
anol, it was obtained as heavy, shining prisms melting at 193-194°. The 
Tollens’ reaction was essentially negative, reduction taking place only after 
several hours. For analysis, the sample was dried in vacuo at 78° for 
3 hours. The analytical values agree with the empirical formula 320; 
(CoH 3405 minus found,’ C 74.89, H 10.07; calculated for CooH 3203 
(320.46), C 74.96, H 10.07. 

Reaction of Pleuromutilin with Ammonium Hydroxide—Small portions 
of pleuromutilin were heated in sealed tubes at 175° with about 4 times 
the amount of concentrated ammonium hydroxide for varying lengths of 
time. The gummy product obtained was treated with ice water repeatedly, 
until it was obtained as an amorphous powder. The product from a 1 
hour reaction still had about half of the antibacterial activity of pleuro- 
mutilin, that from a 5 hour reaction about 15 per cent, and that from a 
9 hour reaction less than 1 per cent. Only the last reaction product was 
obtained crystalline. It melted at 193° and gave no melting point de- 
pression when mixed with the compound C29H 320; described above. 


SUMMARY 


Several derivatives of pleuromutilin have been described. 2 of the 
oxygen atoms of pleuromutilin have been characterized as belonging to 
hydroxyl groups, by the preparation of a diacetate, a di-3 ,5-dinitroben- 
zoate, and a disemiphthalate. The carbonyl group, the presence of which 
is suggested by the ultraviolet absorption spectrum, is very unreactive, 
but it was possible to prepare a simple hydrazone. The 2 remaining 
oxygen atoms are tentatively assigned to a lactone ring. The evidence 
for this assignment is considered suggestive but not conclusive. A cata- 
lytic reduction product and an oxidation product are described, as well as 
a degradation product obtained by treatment with alkali or with am- 
monium hydroxide at high temperature. 


The author is indebted to Dr. Julian Wolff for preparation of Fig. 1. 
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OXIDATIVE METABOLISM OF HEART MITOCHONDRIA* 


By G. W. E. PLAUT ann KATHARINE ARMSTRONG PLAUT 


(From the Institute for Enzyme Research and the Department of Biochemistry, 
College of Agriculture University of Wisconsin, Madison, Wisconsin) 


(Received for publication, June 6, 1952) 


In a study of the metabolism of heart muscle, attention was focused on 
the oxidative properties of the mitochondria. Although a wealth of in- 
formation has been accumulated on the enzyme patterns and the chemistry 
of the various cellular components of liver and kidney (1), only very few 
cytochemical studies of muscle fibers have been made. The difficulty of 
satisfactory breakage of the cells is probably responsible for this apparent 
neglect. While the present studies were in progress, a number of publica- 
tions appeared dealing with heart muscle ‘‘cyclophorase”’ (2, 3) and cyto- 
logical and chemical studies of rabbit heart muscle mitochondria (4). In 
these experiments the tissues were disintegrated by the use of the Waring 
blendor (5), while in the present studies the conventional Potter-Elvehjem 
homogenization technique (6) was employed. 


EXPERIMENTAL 


Preparation of Mitochondria—All operations mentioned below were con- 
ducted at a temperature of 0-1°. 

Guinea pig heart ventricles were minced with scissors and a 10 per cent 
tissue suspension was homogenized in 0.25 m sucrose solution (7) in a 
Lucite Potter-Elvehjem apparatus. (Similar results could be obtained 
when the usual all-glass instrument was employed; however, it was more 
convenient for this purpose to use the non-breakable plastic tube and 
pestle.) The homogenate was centrifuged for 10 minutes at 600 X 4g, 
and the residue obtained was washed with isotonic sucrose and recen- 
trifuged at 600 & g. The combined supernatant fluids were centrifuged 
at 5000 X g for 15 minutes and the sedimented particles were washed by 
homogenization in isotonic sucrose, followed by centrifugation at 5000 X g. 
The particles thus obtained were suspended in 0.25 mM sucrose solution and 
used for the respiration experiments. The mitochondria were spherical 
in shape and could be stained vitally with dilute Janus green B.! 


* This investigation was supported by a grant from the Life Insurance Medical 
Research Fund. A preliminary report was presented before the American Society 


of Biological Chemists, New York, April, 1952. 
1 We wish to thank Dr. Hans Ris, Zoology Department, University of Wisconsin, 


for a microscopic examination of these preparations. 
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In the respiration studies the following basic medium was employed per 
Warburg flask: 25 um of potassium phosphate, 20 um of magnesium chloride, 
6 wm of ATP, and 0.8 ml. of enzyme (300 to 500 y of nitrogen) in 0.25 
sucrose, made up to a volume of 3.0 ml. with isotonic potassium chloride 
solution. All salts were neutralized to pH 7.4 with potassium hydroxide, 
Any deviations from this reaction mixture are indicated in the text and 
Table X. The flasks were shaken in the Warburg apparatus at 30°; an 
equilibration period of 10 minutes was used prior to the start of the read- 
ings. 

Preparation of Nicotinamide Mononucleotide—NMN was made by the 
method of Kornberg and Pricer (8). However, since this preparation con- 
tained a fairly large quantity of salts, a modification of the procedure was 
developed. The essential steps included incubation of DPN with purified 
potato pyrophosphatase (8) and adsorption of NMWN on charcoal, followed 
by elution with aqueous amyl alcohol. The eluates were then passed 
through a bed of Dowex 1 chloride anion exchanger. NMN is washed out 
of the ion exchange resin with water, while DPN and 5-adenylate are 
retained. NMN was precipitated from a slightly acidic solution by a 
large volume of acetone. 


Results 


The ability of the mitochondria to oxidize a variety of substrates was 
examined. The average values obtained are summarized in Table I. The 
citric acid cycle intermediates succinate, a-ketoglutarate, malate, and fu- 
marate are rapidly and completely oxidized by the particles; citrate and 
cis-aconitate are not, although, in agreement with the results of Lehninger 
(9), they were metabolized by whole homogenates. It should be stated 
parenthetically that the failure of citrate to be oxidized does not seem to 
arise from the inhibitory effects of this compound, e.g. by forming a com- 
plex with magnesium ion, since neither a change in citrate or magnesium 
concentration nor addition of manganese ion was stimulatory; furthermore, 
the addition of citrate did not depress the rate of oxidation of malate, fu- 
marate, or acetate. A characteristic feature of the metabolic pattern of 
these mitochondria is the low rate of oxidation of the substrates (with the 
exception of succinate) during the initial 10 to 20 minutes of incubation. 
After this time oxygen uptake reaches a constant rate for the next 2 hours 
(Fig. 1). A similar induction period has been observed in studies of 
particulate systems by other workers (10-12) and has been interpreted by 
them to indicate that oxidation and phosphorylation are so tightly coupled 

2 The following contractions are employed: ATP, adenosinetriphosphate; NMN, 


nicotinamide mononucleotide; DPN, diphosphopyridine nucleotide; TPN, triphos- 
phopyridine nucleotide. 
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during the period of delay that it becomes necessary to provide compounds 


that can accept high energy phosphate radicals before oxidation can pro- 
ceed. The observation here that the addition of purified yeast hexokinase 


TABLE I 
Rates of Oxidation of Substrates by Guinea Pig Heart Mitochondria 


(13) and glucose results in the disappearance of the induction period is in 


Substrate 


Succinate 
a-Ketoglutarate 
Malate 
Fumarate 
Pyruvate 
+ 1 uM malate 
cis-Aconitate 
Citrate 


Qo2 (N) Substrate (N) 
550 8-Hydroxybutyrate 200 
450 3 uM butyrate + 1 um malate 200 
180 Crotonate + 1 um malate 180 
180 Acetoacetate + 1 uM malate 150 

50 Acetate 100 
300 ” + 0.1 um malate 300 
0 d-Isocitrate 0 
| 0 


All substrates at a level of 20 um per flask except where otherwise indicated. 
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Fig. 1. The effect of the addition of a phosphate acceptor system on malate oxida- 
tion. @, no addition; A, hexokinase (Step 3a (13)) and glucose. 
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accord with the experiments and interpretations of the above authors, 
Pyruvate, acetate, butyrate, crotonate, and acetoacetate required a trace 
of malate for maximum oxidation. In contrast to reports on washed 
kidney particles (5), it was not possible here to stimulate pyruvate oxida- 
tion by replacing the catalytic quantities of malate with bicarbonate, 
When 6-hydroxybutyrate was oxidized alone, a stoichiometric relationship 
between oxygen consumption and acetoacetate formation was found; how- 
ever, in the presence of catalytic quantities of malate the yield of aceto- 
acetate was depressed, while the rate of oxygen consumption increased, 
indicating the further metabolism of the formed acetoacetate via the Krebs 
cycle. In contrast to liver (14), no appreciable conversion of pyruvate or 
fatty acids to acetoacetate either in the presence or absence of malonate 
could be observed; as a matter of fact, the oxidation of pyruvate was 
severely depressed by 0.005 to 0.01 mM malonate even in the presence of 
catalytic amounts of malate. The failure of fatty acids to lead to an ac- 
cumulation of acetoacetate is consistent with Lehninger’s studies with 
whole heart homogenates (9) and suggests that, while this tissue contains 
pyruvic and fatty acid oxidases, it may be low in acetoacetic acid-con- 
densing enzyme (14, 15). 

The observation that acetate is completely oxidized in this system, 
while citrate and cis-aconitate are not, made it problematic whether acetate 
is metabolized via the Krebs cycle. The experimental results below sup- 
port the view that acetate follows the normal pathways of metabolism, 
even though the added key intermediate, citrate, is not oxidized under 
the same conditions. 

Formation of Citrate—When substrate quantities of malate are oxidized, 
there is appreciable citrate formation, which is increased by the further 
addition of acetate (Table II). In either case the presence of increasing 
quantities of fluoroacetate leads to progressively larger accumulations of 
citrate, in agreement with the observed activity of this inhibitor (16, 17). 
Acetate in the presence of catalytic quantities of malate does not result in 
much citrate accumulation, owing probably to the restricted supply of 
recycled dicarboxylic acids; since inhibition of citrate oxidation by fluoro- 
citrate is a function of the ratio of these tricarboxylic acids (18), it is not 
surprising that fluoroacetate does not lead to increased citrate formation 
here. The fact that citrate can be formed under the above conditions 
establishes the presence of the condensing enzyme of Ochoa, Stern, and 
Schneider (19). 

Oxidation of C%-Acetate in Presence of Pools of Citrate and a-Ketoglu- 
tarate—When C-acetate was oxidized in the presence of a pool of citrate, 
the tricarboxylic acid isolated at the end of the experiment was radioactive; 
furthermore, the specific radioactivity of the CO2 produced was lower with 


| 
t 
| 
| 


G. W. E. PLAUT AND K. A. PLAUT 145 


added citrate (Table II1), even though citrate alone was not oxidized during 
the assay period in control flasks. However, the specific activities of the 
compounds indicated that formed and added citrate were not in complete 


TABLE II 
Citrate Formation 
20 uM acetate + 0.1 uM malate 20 um acetate + 20 um malate 20 um malate 
| Citrate Oxygen | Citrate Oxygen Citrate Oxygen 
microatoms uM microatoms | uM microatoms 
0.0001 0.2 | 16.1 2.2 9.1 2.0 5.9 
0.001 | O04 | 7.2 2.6 9.2 2.0 4.9 
0.005 | 0.4 3.5 3.1 6.4 2.2 4.2 
TaBLeE III 


Oxidation of C'4H;COOH in Presence and Absence of Citrate Pool 


Radioactivity, c.p.s. per mm C 


(100 uM citrate added 3 No citrate 
50 4400 | 4400 
Oxygen consumption in 24 hrs., microatoms........ 93.5 90.3 


Oxygen consumption in control] flask with citrate only = 0. 


TaBLe LV 
Oxidation of C'*H;COOH in Presence of a-Ketoglutarate 


Radioactivity, c.p.m. 
per mM 


a-Ketoglutarate hydrazone | 7,800 


The medium contained 0.01 mm of malate, 0.1 mm of a-ketoglutarate, 0.075 mm of 
malonate per 15 ml. Incubated for 3 hours at 30°. Total oxygen consumption, 59 
microatoms. 


equilibrium. Further confirmation for the oxidation of acetate via the 
Krebs cycle was obtained when it was found that C“-acetate, oxidized with 
an a-ketoglutarate pool in the presence of malonate and a limiting quantity 
of malate, led to pronounced labeling of the reisolated keto acid (Table IV). 

Investigation of the cause of failure of added citrate to be metabolized led 
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to the determination of isocitric dehydrogenase activity of the various heart 
muscle homogenate fractions. The measurements of enzymatic activity 
were performed according to the directions of Hogeboom and Schneider 
(20). In agreement with their observations with mouse liver, most of 
the apparent isocitric dehydrogenase activity of the homogenate was re- 
covered in the supernatant fluid, while only a minor portion was found in 
the particulate fractions (Table V). It seemed possible that some co- 
enzyme was washed out of the mitochondria during their preparation, 
resulting in a reduced rate of citrate utilization. Various coenzyme prep- 
arations were therefore tested in the system in which oxygen uptake was 
measured. A crude liver coenzyme acetone powder (first charcoal eluate 
of the method of LePage and Mueller (21)) and a semipurified TPN prep- 
aration (chromatography on a Dowex 1 formate column) stimulated citrate 
oxidation; however, when the preparation was purified on a charcoal 
column (21), the activity was markedly reduced (Table VI). The effect 
of a number of DPN samples prepared by different methods was next 
examined. Only one of these was significantly active. When this prepa- 
ration was assayed for DPN content by the hydrosulfite (22) and alcohol 
dehydrogenase (23) assays, it was observed that about 50 per cent of the 
absorption at 340 mu due to the chemical reduction was not DPN according 
to the enzymatic procedure (TPN absent) (Table VII). In the purifi- 
cation of this preparation the methanol-HCl step of Warburg et al. (24) 
had been used. It could be shown that the treatment with acid is indeed 
responsible for the properties of this sample, since the exposure of highly 
purified DPN (95 per cent DPN) to 0.5 mM HCl in anhydrous methanol for 
1 hour at room temperature resulted in a marked increase in activity toward 
citrate oxidation (Table VIII). The methanol-HCl treatment, therefore, 
appears to lead to the degradation ‘of DPN, with the concomitant ap- 
pearance of another product which still shows absorption at 340 my when 
chemically reduced. It was considered possible that the latter contributed 
to the activation of citrate oxidation. NMWN could be produced by the 
acid cleavage of the pyrophosphate group of DPN (5-adenylate was in- 
active). This nucleotide was prepared by the method of Kornberg and 
Pricer (8) and appeared to be active. However, when a further purifi- 
cation was achieved by passage through an anion exchanger, the activity 
markedly decreased (Table IX). 

The possibility that a change in composition of the medium would re- 
sult in citrate oxidation was next examined. Neither a change in con- 
centration of magnesium or substrate nor the addition of catalytic quan- 
tities of malate was successful. A decrease in ATP concentration had no 
effect alone; however, in the presence of DPN or NMN there was a marked 
stimulation of citrate oxidation, particularly at an ATP level of 0.1 uM 
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TABLE V 
Distribution of Isocitric Dehydrogenase in Guinea Pig Heart Muscle Fractions 


| 
Specific activity, uM 


| 
Fraction _ Per cent of total | PN reduced per 


activity min. per mg. 
Nuclear residue (600 X g)*............0........... | 12.4 | 0.109 
Mitochondria (5000 X g)........0....0000..000000-. | 5.4 | 0.308 
Microsomes (18,000 X | 4.6 | 0.441 
* This fraction does not represent pure nuclei. 
TABLE VI 
Effect of TPN on Citrate Oxidation 
| Qoz (N) 
Additions 
ist hr | 2nd hr 
Crude TPN, 0.1 um (10% TPN, 10% DPN)........ | 90 120 
Semipurified TPN, 0.1 um (20% TPN, no DPN)..... 50 35 
Taste VII 
Effect of DPN on Citrate Oxidation 
(N) Qos (N) 
Additions Additions 
ist hr. | 2nd hr. ist hr. 2nd hr. 
None 0 0 34% DPN* 10 20 
67% DPNt 0 6 we * f 0 4 
a 0 6 95% “ | 0 23 
90% “ | 0 0 1** 190 | 130 


* Pyridine eluate of charcoal adsorbate of bakers’ yeast boiled juice (21). 

t Prepared by the method of LePage (22). 

t Adsorbed on charcoal, followed by elution with pyridine. Purified further by 
chromatography on Dowex 1 formate (Horecker, B. L., and Kornberg, A., unpub- 
lished). 

§ Schwarz Laboratories. 


|| Pabst Laboratories. 
{ Same as *, but followed by methanol-HCl treatment (24). The initial purity 


of this sample was 90 per cent DPN by hydrosulfite assay, but decreased to 60 per 
cent upon standing in a desiccator for 3 months. 

** Hydrosulfite assay = 60 per cent DPN; alcohol dehydrogenase assay = 28 
per cent DPN; difference = 32 per cent not DPN. DPN added at a level of 0.4 um 


per flask. 
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per flask (Table X). It isevident that, in the presence of NMN especially, 
low levels of ATP are stimulatory, while with as little as 1 um of ATP per 
flask a marked inhibition of citrate oxidation is obtained. Inhibition of 


TaBLe VIII 
Effect of Methanol-HCl Treatment of DPN 


Addition as ut DPN* Untreatedt Treatedt 
Qo. (N) Qos (N) 
None | 0 | 
0.5 29 99 
22 260 


* Hydrosulfite assay. 

+95 per cent DPN (Pabst Laboratories). 

t DPN treated with 0.5 n HCI in anhydrous methanol for 1 hour at room tempera- 
ture. 


TaBLe IX 
Effect of Different NMN Samples on Citrate Oxidation 


(N) 
Additions 
ist hr. 2nd hr. 
| | 


* Prepared by the method of Kornberg and Pricer (8). 
t We wish to thank Dr. Arthur Kornberg for a gift of NMN. 
t Purified by ion exchange procedure. | 


TABLE X 
Effect of ATP on Stimulation of Citrate Oxidation by NMN and DPN 
Results as Qo. (N). 


Concentration of ATP as um per flask 
Additions per flask 


0 0.1 1 6 
0 0 0 0 
42 149 0 0 
36 201 0 0 
36 230 0 | 0 
151 313 72 19 


* Prepared by ion exchange procedure. 
t 95 per cent DPN (Pabst Laboratories). 
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citrate oxidation by ATP has recently also been observed with liver mito- 
chondria (12), although the latter do not require added pyridino compounds 
to metabolize this substrate. 

It should be recalled that it was found here that certain preparations, 
eg. crude liver coenzyme and methanol-HCl-treated DPN (the super- 
natant fraction of the homogenate was also active), stimulated citrate oxi- 
dation regardless of the presence of 6 um of ATP. Preliminary experi- 
ments suggest that a component different from DPN, TPN, NMN, or 
5-adenylate may be responsible for this action. 


DISCUSSION 


The failure of citrate to be oxidized by certain heart preparations has 
been observed by other investigators. This tricarboxylic acid was not 
metabolized by water homogenates of rat heart (25) or by washed, ground 
pig heart (26), and was only poorly utilized by mitochondrial rabbit heart 
preparations (4). In contrast, rabbit heart ‘“cyclophorase” has been re- 
ported to oxidize citrate (2). In a few of our experiments with KCl- 
washed residue (27) of guinea pig heart both positive and negative results 
were obtained with regard to citrate oxidation. 

The inability of added citrate to be oxidized under conditions in which 
acetate is utilized presents a paradox, particularly since evidence has been 
presented here that acetate is metabolized via the Krebs cycle by heart. 
mitochondria. It is conceivable that, in contrast to metabolically formed 
citrate, added citrate requires activation prior to utilization and that factors 
necessary for this were washed out of the mitochondria during the prep- 
aration. It is also possible that such a factor is leached from the outside 
surface of the particles. Acetate, having fewer polar groups than citrate, 
may be better able to penetrate the mitochondria. The citrate formed 
from acetate could then be metabolized at an adequate rate, since the 
factors necessary for its utilization may still be present in the core of the 
mitochondria. 

The stimulatory action of pyridino compounds under certain conditions 
is reminiscent of the favorable effect of DPN on citrate oxidation by certain 
tumor homogenates (28). 


SUMMARY 


The preparation of mitochondria from guinea pig heart has been de- 
scribed. Succinate, malate, a-ketoglutarate, and 6-hydroxybutyrate were 
oxidized by these particles. Pyruvate, acetate, butyrate, crotonate, and 
acetoacetate required a trace of malate for optimum oxidation. Citrate 
and cis-aconitate were not oxidized under the basal conditions of our ex- 
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periments. ‘Though citrate was inert, the following observations support 
the view that acetate was oxidized via the Krebs cycle. 1. There is evi- 
dence that the citrate-condensing enzyme is present. 2. C4H;COOH 
oxidized in the presence of an a-ketoglutarate pool yielded radioactive 
a-ketoglutarate. 3. When C*H;COOH was oxidized with a citrate pool, 
reisolated citrate was radioactive and the respiratory carbon dioxide in- 
dicated dilution. However, the specific activities of the compounds in- 
dicated that formed and added citrate were not in complete equilibrium. 

An investigation of the cause of failure of citrate oxidation revealed that 
only 5 per cent of the apparent isocitric dehydrogenase activity of the homo- 
genates was present in the mitochondria. Oxidation of citrate by the 
washed particles could be restored by highly purified DPN or NMN when 
the concentration of ATP was lowered to 0.1 to 0.5 um per flask; higher 
concentrations of ATP were inhibitory even in the presence of these pyri- 
dino compounds. The addition of crude liver coenzyme preparations, and 
of DPN which had been submitted to a methanol-HCl treatment, stimu- 
lated citrate metabolism regardless of the presence of 6 um of ATP per 
flask. 
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PHOSPHOROLYSIS OF MALTOSE BY ENZYME PREPARATIONS 
FROM NEISSERIA MENINGITIDIS* 


By CHARLOTTE FITTINGt ann MICHAEL DOUDOROFF 
(From the Department of Bacteriology, University of California, Berkeley, California) 


(Received for publication, May 17, 1952) 


In previous studies on the utilization of maltose and glucose by Neisseria 
meningitidis (meningococcus) it has been found that the disaccharide is 
utilized more rapidly than glucose (1, 2). Phosphate esterification was 
observed with growing cultures, washed cells, and cell-free extracts of this 
organism in the presence of maltose but not of glucose (3). The properties 
of the phosphate ester appeared to be similar to those of glucose-1-phos- 
phate (4). a-p-Glucose-1-phosphate had been found previously to be the 
product of the phosphorolysis of sucrose by Pseudomonas saccharophila (5) 
and Pseudomonas putrefaciens (6). It is also the product of the combined 
action of the enzymes amylomaltase and phosphorylase of Escherichia coli 
on maltose (7). It seemed likely, therefore, that a mechanism similar to 
that of P. saccharophila or E. coli was involved in the decomposition of 
maltose by the meningococcus. 

Further investigation of this problem has led to the conclusion that the 
meningococcal enzyme catalyzes the direct phosphorolysis of maltose but 
that the phosphoric ester produced is 6-p-glucose-1-phosphate (8,9). The 
mechanism of action of the enzyme appears to be very different from that 
of sucrose phosphorylase. The detailed studies on the reversible phos- 
phorolytic cleavage of maltose by the meningococcal enzyme are presented 
in this paper. 


Materials and Methods 


The organism used for this study was N. meningitidis. This old non- 
virulent laboratory strain (No. 69) of a type I meningococcus was pre- 
served in the desiccated state (10). This material was plated on Trypticase 
Soy agar (Baltimore Biological Laboratory) and the cells collected after 
an incubation period of not more than 24 hours (4). The cells were washed 
several times and then were either ground up with alumina (Blue Label 
R. R. Alundum, electrically fused crystalline alumina 60 mesh, Norton 


* This work was supported in part by the United States Public Health Service and 
a contract between the Office of Naval Research and the University of California. 

t Public Health Service Research Fellow of the National Microbiological Insti- 
tute. Present address, University Laboratory of Physical Chemistry Related to 
Medicine and Public Health, Harvard University, Boston 15, Massachusetts. 
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Company, Worcester, Massachusetts) or were lyzed by repeated freezing 
and thawing. Then the extracts were fractionated with ammonium sul- 
fate. The material which precipitated between 0.4 and 0.7 saturation was 
redissolved in either phosphate or tris(hydroxymethy])aminomethane 
(Commercial Solvents Corporation) buffer at pH' 7.0. Repeated reprecipi- 
tations with ammonium sulfate apparently freed these extracts of inter- 
fering hydrolases. 

In addition to the methods mentioned previously (4), the following pro- 
cedures were used. 

Phosphoric esters of sugars were identified and estimated quantitatively 
by the methods described by Umbreit et al. (11). 

Glucose was analyzed directly by using it as the substrate for oxidation 
with notatin (12). Glucose was also estimated from the decrease in reduc- 
ing value after fermentation with Torula monosa. 

Maltose was determined from the difference between reducing values 
obtained after fermenting first with suspensions of 7. monosa and then 
with Saccharomyces cerevisiae (7). 

Radioactivity of substrates was determined by means of a Victoreen 
Geiger-Miiller tube with a window thickness of 1.5 mg. per sq. cm. 

Further details of experimental procedures are given in the experimental 
section. 


EXPERIMENTAL 
Phosphorolysis and Synthesis of Maltose 


When maltose and phosphate were incubated together with the enzyme 
from the meningococcus, | mole of phosphate was esterified and 1 mole of 
glucose was produced for each mole of maltose decomposed. ‘The data 
substantiating this finding are given in Table I (Experiment 1). 

The identification of the ester was accomplished in the following way: 
The mixture was deproteinized with trichloroacetic acid. The resulting 
supernatant solution was subjected to barium fractionation. The water- 
soluble, ethanol-insoluble barium salt was reprecipitated until it was ap- 
parently free of inorganic phosphate. This crude barium salt was con- 
verted to the potassium salt with sulfuric acid followed by potassium 
hydroxide. The ester was non-reducing to Fehling’s or ferricyanide solu- 
tion. It was hydrolyzed in 7 minutes in N HC] at 100°, yielding 1 mole of 
glucose per mole of inorganic phosphate. Since these properties agree with 
those of a-p-glucose-l-phosphate, which previously had been found as a 
product of sucrose phosphorolysis (5) and maltose breakdown (7) in other 
enzyme systems, an attempt was made to establish the identity of the two 
esters. 

The crude ester solution was used as a substrate for sucrose synthesis 
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with the sucrose phosphorylase from P. saccharophila. No evidence of a 
reaction between the compound and fructose was obtained while a-p-glu- 
ecose-1-phosphate was rapidly deesterified in the presence of fructose. That 
the crude ester contained no inhibitory substances for the enzyme was 
shown by the fact that the addition of the unknown ester to reaction 
mixtures with a-p-glucose-1-phosphate and fructose had no effect on sucrose 
synthesis. It seemed likely that the phosphorolysis of maltose would be a 
reversible process. The ester, as well as a-p-glucose-l-phosphate, was 
tested, therefore, as substrate for the meningococcal enzyme both in the 


TABLE I 
Analysis of Maltose Phosphorolysis and Maltose Synthesis 


Analyses of reaction components in uM per mi. 
Experiment No. | 


| | Maltose | P, Glucose | P; 
| 
Initial | 35.9 | 0 0 
_ After 7 hrs. at 37° | oF: ta 
Substrate disappeared 8.8 | | 
- Products formed | | 9.2 7.3 
2 Initial | 0 | 0.3 15.0 8.7 
_ After 10 hrs. at 37° 7.2 7.8 1.9 
Substrate disappeared | 7.2 6.8 
Products formed | 6.8 


Experiment 1—Maltose was analyzed as the reducing sugar remaining after fer- 
mentation with 7’. monosa. The glucose value was obtained from the difference in 
total reducing values before and after fermentation with 7. monosa. 

Experiment 2—Maltose analyses as in Experiment 1. Glucose value obtained 
from the amount of oxygen consumed with notatin. 

P, = orthophosphate; P; = phosphate hydrolyzed in N acid at 100° for 7 minutes. 


presence and absence of glucose. The results were clear cut. The product 
of maltose phosphorolysis was deesterified in the presence of glucose, but 
not in its absence. In either test system, a-p-glucose-l-phosphate was 
unattacked. The above considerations led to the conclusion that the un- 
known ester must be 6-p-glucose-1-phosphate. This compound had been 
chemically synthesized and characterized by Wolfrom et al. (13). It was 
kindly supplied to us by Dr. W. Z. Hassid and Dr. E. W. Putman. When 
tested with the enzyme, the synthetic compound behaved like the unknown 
ester. The experiments with sucrose phosphorylase and the maltose phos- 
phorylase from the meningococcus are summarized in Table IT. 

To identify further the ester with 8-p-glucose-1-phosphate, its ammo- 
nium salt was chromatographed on a cellulose column with 50 per cent 
aqueous ethanol. The effluent was converted to the barium salt. Its 
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properties were compared with those of the synthetic compound (14), 
The barium salt had an optical rotation of [a];? = +10° in water, c = | 
(synthetic compound, [a];? = +12°). The per cent phosphorus was 
found to be 6.93 and 6.88 for the two salts, respectively. Neither com. 
pound gave a reducing value before hydrolysis. After hydrolysis of the 
natural ester, the ratio of glucose to phosphorus was determined as 0.92. 

The product of the reverse reaction was identified as maltose by chroma. 
tography and by fermentation. It had the same Ry, value on paper when 
developed either with a mixture of butanol, ethanol, and water or with 


TaB_e II 
Enzymatic Identification of Sugar Ester from Phosphorolysis of Maltose 


! 


After @ 
min. at 37° 
Enzyme system Reaction mixture inorganic 
phosphat 
libera 
Sucrose phosphorylase! 4.4 um X* 0 
4.4 + 12 um fructose 0 
10 a@-p-glucose-1-phosphate 0 
+ 12 uo fructose 3.3 
Maltose 10 se 0 
+ 30 um glucose 0 
4 0 
1.0 ‘* ** + 2 um glucose 0.36 
20 B-p-glucose-1-phosphate 0 
+ 250 um glucose | 16.4 


* X is the unknown ester isolated as the water-soluble, ethanol-insoluble barium 
salt from the phosphorolysis of maltose by the meningococcal enzyme system. 


phenol. It was not fermented by 7’. monosa. It was, however, fermented 
completely by S. cerevisiae. The balance for the reverse reaction is given 
in Experiment 2 of Table I. 

Next, the equilibrium constant for the synthesis of maltose was deter- 
mined at pH 7.0 and at 37°, as K = (maltose) (phosphate) /(6-p-glucose- 
1-phosphate) (glucose). Some difficulties were encountered in the early 
experiments in which the reaction was allowed to proceed from either 
direction starting with only two substrates, 7.e. maltose and phosphate, or 
8-p-glucose-1-phosphate and glucose. Under these conditions the mixtures 
must be incubated for very long periods of time during which hydrolytic 
reactions involving maltose and #-p-glucose-l-phosphate occur. It was 
found that the methods used for the determination of glucose were not 
sufficiently sensitive in the presence of the other components of the mix- 
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tures for the accurate determination of this compound. It will be seen that 
small errors in these analyses would greatly affect the K value, since the 
determination of maltose was also dependent upon the glucose analyses. 
In early experiments values between 3 and 9 were obtained. The value 
of 7 appeared to be the most plausible (9). However, a careful reinvesti- 
gation indicates that the true value lies between 4.25 and 4.5. These values 
were obtained by incubating mixtures of all four components for a short 
period of time during which hydrolytic side reactions were negligible. The 
concentrations of maltose, glucose, 6-p-glucose-l-phosphate, and enzyme 
were kept constant, while different amounts of inorganic phosphate were 
added to the mixtures. After 80 minutes of incubation at 37°, the reactions 
were stopped by the addition of trichloroacetic acid, the inorganic phos- 
phate in the reaction mixtures was removed with magnesia mixture, and the 


TaBLe III 
Equilibrium Constant for Synthesis of Maltose 


- 


Concentration of reaction components in uM per mi. | 
Incubation time at | - | 

37° | K 
Maltose Phosphate oe Glucose | 
min | 
0 12.50 | 15.90 3.00 12.50 | 

80 12.20 | 15.60 3.30 | 12.80 4.5 
0) 12.50 11.60 | 3.00 | 12.50 | 

80 12.66 | 11.76 | 2.84 12.34 | 4.25 


changes from the initial value in the concentration of 8-p-glucose-1-phos- 
phate were carefully determined. In this way the direction of the reaction 
from any arbitrarily chosen initial ratios of the components was established. 
The final concentration of the other components was then computed from 
the change in the 8-p-glucose-1-phosphate value. The results are presented 
in Table III. Since maltose hydrolysis was not considered in these compu- 
tations, the K values may be slightly high. 


Specificity of Enzyme 

It had been shown previously (4) that the following compounds cannot 
replace maltose as the substrate for the enzyme: a-methyl glucoside, tre- 
halose, isomaltose, dextran from Leuconostoc, cellobiose, gentiobiose, and 
type I meningococcus polysaccharide. Soluble starch was also found to be 
inactive. Arsenate could be substituted for phosphate, causing a decom- 
position of maltose to 2 molecules of glucose. This arsenolysis is analogous 
to that found for sucrose (15) and starch (16). Sucrose phosphorylase also 
causes the arsenolytic decomposition of a-p-glucose-1-phosphate. For 
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comparison, the ability of the meningococcal enzyme to produce glucose 
from 6-p-glucose-1-phosphate in the presence of arsenate was tested. The 
reaction was found to proceed very slowly as compared with that of mal- 
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It appeared to be autocatalytic. This observation was taken as 


evidence that 6-p-glucose-1-phosphate was not directly arsenolyzed, but 
that it was first converted to maltose with the traces of glucose produced 
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from the hydrolysis of the ester. The maltose was then arsenolyzed, lib- 
erating more and more glucose as the reaction proceeded. Indeed, the 
addition of a catalytic amount of glucose decreased the initial lag in the 
glucose production. The above observations are graphically presented in 
Fig. 1. The striking difference in the rates of arsenolysis is emphasized by 
the difference in scales used for plotting glucose production from maltose 
and 8-p-glucose-1-phosphate, respectively. 

A number of sugars were tested as possible substrates in the reverse 
reaction with B-p-glucose-1-phosphate. The addition of the following com- 
pounds did not cause an appreciable dephosphorylation of the ester: p- 
fructose, D-galactose, L-glucose, D-mannose, D-ribose, D-arabinose, L-arabin- 
ose, a-methy! glucoside, a-p-glucose-1-phosphate, maltose, trehalose, cello- 
biose, and p-gluconic acid. In the presence of p-xylose, however, inorganic 
phosphate was liberated from 8-p-glucose-1-phosphate. Since the expected 
product of this reaction would be a maltose analogue, a-p-glucosidoxylose, 
the test mixture was chromatographed on paper and developed with sol- 
vents used for maltose. A disaccharide having approximately the same 
Rr value as maltose was detected. It was found to be a reducing sugar 
yielding approximately equal quantities of glucose and xylose on hydrolysis. 
Its structure and properties are now being studied in collaboration with 
Dr. W. Z. Hassid and Dr. E. W. Putman and will be reported elsewhere. 


Studies on Mechanism of Maltose Phosphorolysis 


The ability of the maltose phosphorylase to catalyze exchanges similar 
to those observed with sucrose phosphorylase (17) was tested. Radioactive 
phosphate (P*) was incubated with the enzyme, together with the inactive 
8-p-glucose-1-phosphate, both in the presence and absence of glucose. The 
reaction was stopped by the addition of trichloroacetic acid; the inorganic 
phosphate was removed with magnesia mixture, and the supernatant fluid 
was treated three times with inorganic phosphate followed by magnesia 
mixture. The final solution was analyzed for 6-p-glucose-1-phosphate and 
for P? content. In another experiment, radioactive glucose labeled equally 
in all carbon atoms with C" (kindly supplied to us by Dr. W. Z. Hassid) 
was incubated with inactive maltose both in the presence and absence of 


phosphate. The reaction was stopped by boiling. Glucose was then fer- 


mented with 7’. monosa. The carbon dioxide evolved was measured and 
collected in KOH. It was then converted to barium carbonate and its 
specific activity was determined. The remaining maltose was fermented 
with S. cerevisiae and the activity of the carbon dioxide analyzed in the 
same manner. ‘The specific activities of the sugars were computed from 
the activities of the carbon dioxide and from the quantities of carbon 
dioxide evolved from known amounts of the sugars. Unlike sucrose phos- 
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phorylase, maltose phosphorylase did not catalyze an appreciable exchange 
between labeled glucose and maltose in the absence of phosphate. Nor did 
any exchange occur between labeled inorganic phosphate and 6-p-glucose-1- 
phosphate in the absence of glucose. The addition of smal]! amounts of 
phosphate to the first mixture and of glucose to the second increased the 
exchanges (Table IV). This finding is in contrast to the effect of the 
addition of phosphate and of fructose to the analogous reactions with 
sucrose phosphorylase. The absence of exchange between inorganic phos- 
phate and 8-p-glucose-1-phosphate in the maltose phosphorylase system is 
in complete agreement with the observation that the latter compound is 
not directly arsenolyzed. 


TaBLe IV 
Exchange Experiments with Maltose Phosphorylase 


C.p.m. per uM 


Exper-| After 2 
F Labeled Initial hrs, at 37° 


substrate Reaction mixture 


Po | cose 
1 P32 10 um B-glucose-l1-phosphate + 8 um P3? 4100 12 
10 +8 * + ] um {4100 145 
glucose 
2 Glucose | 8 uM maltose + 18 um glucose-C™ 7800 54 
+18 +2 um P, 7800 84] 
DISCUSSION 


The finding of 8-p-glucose-1-phosphate as a major product of a biolog- 
ical reaction is of great interest, not only because it suggests that this 
compound may be of importance in cellular metabolism but also because 
the reaction in which it is produced involves a Walden inversion on the Ist 
carbon atom of glucose. The occurrence of such an inversion makes it 
possible to visualize direct syntheses of 6-linked polysaccharides from a-p- 
glucose-1-phosphate or a-linked sugars in other biological systems. While 
this is the first case of a direct phosphorolysis of maltose, a mechanism for 
converting maltose to a-p-glucose-1-phosphate and glucose with the forma- 
tion of a polysaccharide as an intermediate is also known (7). Thus arti- 
ficial combinations of the enzymes involved could be used for the intercon- 
version of the two optical isomers of the ester in the presence of glucose. 

It is interesting to contrast the equilibrium constant for the synthesis of 
maltose which is in the neighborhood of 4.4 with that for the synthesis of 
sucrose which is about 0.05. Assuming that the energy contents of the 
a and 6 forms of glucose-1-phosphate are not too different, the difference 
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of the energy levels of the sucrose and maltose linkages is emphasized 
(approximately 2700 calories). 

The absence of exchange reactions between phosphate or arsenate and 
B-p-glucose-1-phosphate on the one hand, and between maltose and glucose 


PHOSPHOROLYSIS OF SUCROSE: 


SUCROSE + ENZYME D-GLUGOSE ph. + ENZYME 

t ARSENATE 


D-GLUCOSID0-L-ARABINOSE 
GLUCOSE-I-ARSENATE + ENZYME 


+ WATER 


GLUCOSE + ARSENATE 


PHOSPHOROLYSIS OF MALTOSE: 


MALTOSE + ENZYME f -D-GLUCOSE-I-ph.+ ENZYME 
MALTOSE-ENZYME - PHOSPHATE 
PHOSPHATE) (ARSENATE] 
A 
(GLUCOSIDO - XYLOSE + ENZYME) [GLUCOSE-I- As +ENZYME] 
[GLUCOSE + ARSENATE] 
Fia. 2 


on the other, distinguishes the mechanisms of catalyses of the phospho- 
rolyses of maltose and of sucrose. The enzyme from P. saccharophila has 
been shown to be a transglucosidase capable of accepting the glucosidic 
moiety of sucrose or a-p-glucose-1-phosphate and transferring it to any of 
anumber of suitable acceptors. The a linkage is preserved in this transfer. 
In the case of maltose phosphorylase, the apoenzyme itself does not appear 
to be a carrier of the glucosidic moiety. Both donor and acceptor seem to 
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be necessary components for the catalysis of the glucose transfer to take 
place. Such a situation might be analogous to the catalysis of hydrogen 
transfers between substrates and the pyridine nucleotide coenzymes by 
dehydrogenases. A scheme which accounts for the necessity of the three 
components would involve the formation of a maltose-enzyme-phosphate 
complex interconvertible with a 8-p-glucose-1-phcsphate-enzyme-glucose 
complex as an intermediate (Fig. 2). The apoenzyme would then have at 
least three affinities, one for the glucosidic portion of its substrates, one for 
the reducing glucose residue, and one for the phosphate group. In sucha 
scheme, D-xylose can take the place only of glucose, while arsenate can 
take the place only of phosphate. It has been suggested that, in the 
formation of the sucrose phosphorylase-glucose complex, a Walden inver- 
sion occurs to form $-glucose-l-enzyme (18). The phosphorolysis of su- 
crose presents then a double Walden inversion. The observed single inver- 
sion in the phosphorolysis of maltose may be explained on the basis of a 
three component system in which the phosphate transfer occurs between 
the substrates rather than between the apoenzyme and each substrate 
separately. The occurrence of the inversion would indicate that the car- 
bon-oxygen bond of the phosphate ester is. broken, as has been shown to be 
the case with sucrose phosphorylase in the work of Cohn (19). 


SUMMARY 


In studies with enzyme preparations from Netsseria meningitidis the 
following observations have been made. 

1. Maltose is reversibly phosphorolyzed with a Walden inversion to 
yield B-p-glucose-1-phosphate and glucose. | 

2. The equilibrium constant for the synthesis of maltose is in the neigh- 
borhood of 4.4. . 

3. D-Xylose can be substituted for glucose in the reverse reaction to 
form a reducing disaccharide, presumably a-p-glucosidoxylose. 

4. The maltose phosphorylase does not catalyze the exchange reactions 
between phosphate or arsenate and 6-p-glucose-l-phosphate on the one 
hand, or between glucose and maltose on the other, in the absence of 
glucose and phosphate, respectively. These findings are in direct contrast 
to those made with the sucrose phosphorylase system. 

The implications of the above observations are discussed. 
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BIOCHEMICAL STUDIES OF VIRUS REPRODUCTION 
IX. NATURE OF THE HOST CELL CONTRIBUTIONS* 


By M. 8. H. SIDDIQI,, LLOYD M. KOZLOFF, FRANK W. PUTNAM, 
AND E. A. EVANS, JR. 


(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 
(Received for publication, May 22, 1952) 


Several groups of workers investigating the Escherichia coli-bacterio- 
phage system have found that the infected host cell contributes P (2-6), 
N (7), and nucleic acid bases (8, 9) to the new virus particles formed. 
Although the quantity of virus nucleoprotein derived from the host varies 
with the phage strain (10), host material is used in the multiplication of 
all the ‘“T’’ phages. Most previous work has dealt with the origin of the 
virus desoxyribonucleic acid (DNA) (11-13). In contrast, little is known 
about the origin of virus protein apart from the finding that exogenous N 
is required for growth of phage and that a small amount of host N appears 
in the virus protein. 

In the present work bacteria differentially labeled with P®, N', and 
with lysine-C™ have been infected with Tert bacteriophage. The relative 
contribution of different bacterial constituents to virus nucleoprotein has 
been calculated from the resulting distribution of the various isotope labels 
among the viral progeny. The conversion of host nucleic acid into virus 
DNA has been clearly demonstrated, confirming earlier conclusions. It 
has been found also that amino acids of the bacterial protein act as pre- 
cursors for only a small fraction of the virus protein and that the use of 
the free amino acids of the host for virus protein synthesis is minimal. 
Despite the large quantities of protein N in the host cell, most of the virus 
protein is synthesized de novo, after infection, from the ammonium lactate 
of the medium. 


Materials and Methods 


Growth and Purification of Virus—The techniques used for the propaga- 
tion, purification, and assay of bacteriophage Tert have been published 


* Aided by grants of The National Foundation for Infantile Paralysis, Inc., and 
the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of Chicago. 
The work reported here was taken in part from a thesis submitted by M. S. 
H. Siddiqi to the Division of Biological Sciences of the University of Chicago in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy, June, 
1951. Presented in part at the meeting of the Federation of American Societies for 
Experimental Biology at Cleveland, April, 1951 (1). 

t Present address, Military Food Laboratory, Lahore, Cantt., Pakistan. 
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previously (14). The virus preparations used in this investigation con. 
formed with the criteria for homogeneity described by Putnam (15). In 
most experiments, isotopically labeled bacteria were washed and suspended 
in saline at 2° in 0.01 of the final volume of the medium. Purified T, was 
added to give an average of 5 particles per bacterium, and hence essep- 
tially all the bacteria were immediately infected. When the bacteria- 
phage complex was added to the complete growth medium at 37°, only a 
single generation of phage was formed (16, 17). 

Fractionation of Virus and Chemical Methods—Both bacterial cells and 
the virus were partitioned into acid-soluble, alcohol-soluble, nucleic acid, 
and protein fractions by a modification of Schneider’s technique (18), 
Bacterial acid-soluble amino nitrogen was determined in the Van Slyke 
manometric apparatus with nitrous acid (19). Free ammonia was esti- 
mated by titration after steam distillation of a strongly alkaline solution. 
One-dimensional filter paper chromatographic analysis of the amino acids 
in the bacterial acid-soluble fraction was carried out with either butanol 
or 80 per cent phenol as the solvent and 0.1 per cent ninhydrin as th 
developer (20). The ultraviolet-absorbing material in the acid-soluble 
fraction was measured in the Beckman spectrophotometer, model DU. 
Aspartic and glutamic acids were isolated from protein hydrolysates with 
Amberlite IR-4B in the manner described by Cannan (21). 

Isotopic Compounds and Analysis—N* concentrations were determined 
in the mass spectrometer by standard procedures (22) and P®? was counted 
as described previously (11).! 

pL-Lysine-carboxy]-C"%-2HCl1-2H.O was kindly supplied by Mr. Michael 
Barry, who synthesized this amino acid from NaCN (23) by a slight 
modification of the method of Gaudry (24). Its identity and purity were 
established by decarboxylation with a specific lysine decarboxylase pre- 
pared from Bacterium cadaveris (25). 

In analyzing for lysine, aliquots containing about 2 * 10! bacteria or 
about 10“ virus particles were required. The samples were hydrolyzed 
by autoclaving them for 20 hours at 15 pounds pressure with 6 N HCl in 
sealed glass tubes. The hydrolysates were concentrated, excess HC] was 
distilled off, and the solution was neutralized. In all cases it was neces- 
sary to add non-isotopic lysine in order to obtain sufficient material for 
isotopic analysis. The decarboxylation was carried out in Conway dishes, 
and the carboxyl CO, of the lysine was collected in alkali in the center 
well of the dish. The reaction mixture consisted of 5 ml. of the neutralized 
and supplemented hydrolysate, 3 ml. of 1 m citrate buffer, pH 5.5, and 
100 mg. of crude enzyme suspended in 2 ml. of the buffer. 5 per cent 


1 Radioactive isotopes supplied on allocation by the Oak Ridge National Labora- 
tory. 
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jaCl. was used to precipitate the collected CO2, and the precipitate was 
yrepared in the standard manner for counting. 


Results 
Host Contribution to Virus Protein 


Low Molecular Weight Compounds in Bacterial Cell—It has been re- 
ported previously that the low molecular weight compounds of FE. coli 
which are soluble in 5 per cent trichloroacetic acid (TCA) are sufficient to 
account for all the N contributed by the host to the virus protein (7). 

Attempts to decrease the total acid-soluble N of the bacterial cell in 
order to determine its réle in the contribution by the host were unsuccess- 


TABLE | 
Distribution of Acid-Soluble N in Escherichia colt 
Component Quantity per cell* | Per cent of total 
Total acid-soluble 12.25 100 
Amino N before hydrolysisf................ 5.00 40.8 
\ 


* Total N per cell = 730 X 107?° y. 
+ This value represents not only free ammonia but also any amide N and one-half 


of any arginine N in the extract. 

t Corrected for ammonia N and adenine amino N. 
ful, and it was decided, therefore, to investigate the chemical nature of 
the low molecular weight compounds in the bacterial cell. 

Bacteria were grown in lactate medium (14), centrifuged and washed 
with saline, and extracted with 5 per cent TCA in the cold for 40 minutes. 
The distribution of N in this extract is given in Table I. By filter paper 
chromatography a large number of weak spots corresponding to various 
amino acids were found. However, only three amino acids were present 
in significant quantities. Glutamic acid and lysine were present in free 
form. In addition, a dipeptide of glutamic acid and serine was identified. 
Approximately 62 per cent of the acid-soluble N was present either as 
free ammonia or as amino acids. These analytical results together with 
previous data (7) show that the bacterial cell possesses enough free amino 
acid N to account for all of the host N found in the virus protein. 

Transfer of N from Differentially Labeled Host Cells to Virus Protein— 
E. coli cells were differentially labeled with N° in the following manner. 
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In Experiment SI (Table II) a small inoculum of bacteria was added to 
synthetic lactate medium containing 31.4 atom per cent excess N“H,(]. 
After a suitable growth period, the cells were harvested by centrifugation 
and washed with saline. All the N fractions of the cell had an N™ cop. 
centration of 31 atom per cent excess. The cells were then suspended jn 
isotope-free lactate medium and allowed to grow for 10 hours. At. this 
time, the N* concentration of the acid-soluble N was 40 per cent that of 
the protein N (Table IT). The differentially labeled cells were centrifuged, 
resuspended in saline, infected multiply with phage, and the phage-bac- 


TABLE II 


Isotope Balance Study of Transfer of N‘* from Single Bacterial Cell to Protein of 
Average Virus Yield per Cell 


E i SI* (differ- E i SII (differ- |E i 11 if 
Mase | | | | | | Ty 
X 10> per centiy K 10-°\y K 10° per cent\y 10-9 K 10> per centiy K 107 
excess excess excess 
Bacterial cell 
Acid-soluble...... 3.5 | 1.91) 0.067 | 2.6 | 2.291 0.059 | 2.7 | 10.0 | 0.270 
Protein........... 37.0 | 4.80) 1.80 | 45.5 | 5.60) 2.55 | 28.0] 10.0 | 2.80 
Virus yield* 
9.1 | 0.59) 0.054 | 6.2] 0.77) 0.048 | 5.6 | 1.05) 0.059 
Virus protein 
Bacterial protein 
25 12 3.0 11 14 1.9 20 10.5 | 2.1 


* Yield of virus per cell = 175 in Experiment SI, 71 in Experiment SII, and 119 
in Experiment 11. 
t Product of N content X 


100 


teria complex was added to fresh isotope-free medium, in which lysis oc- 
curred. The phage liberated was purified and analyzed with the results 
indicated in Table IT. 

Experiment SIT was carried out in a similar manner except that the 
initial growth medium contained 59 atom per cent excess N}*. The re- 
sults of this experiment together with those from one in which uniformly 
labeled host cells were used are shown in Table II. 

In both Experiments SI and SII the amount of N!® found in the virus 
protein was 81 per cent of the total acid-soluble N!* in the cell. Thus, 
in Experiment SI the protein portion of the virus obtained from a single 
host cell contained 0.054 X 10-° y of N15, whereas the acid-soluble N of a 
single bacterium contained 0.067 X 10-° y of N"; 7.e., the quantity of N” 


Wi 


| fo 
pr 
ac 
the 
da 
po 
ms 
on 
irc 
| 
de 
Wi 
th 
T 
th 
fre 
t 
sy 
ly 
ly 
n 
m 
ce 
ly 
sy 
to 
th 
th 
ty 
to 


0 


9 


SIDDIQI, KOZLOFF, PUTNAM, AND EVANS 169 


found in the virus exceeds the proportion of acid-soluble N available for 
protein synthesis (62 per cent as shown in Table I). Furthermore, in 
Experiment 11 (in which the cells were uniformly labeled) although the 
acid-soluble N?*° content was 4 times greater than in Experiment SI, about 
the same amount of N?° was contributed to the virus protein. From these 
data it seems probable that the low molecular weight nitrogenous com- 
pounds in the cells at the time of infection are not the sole or even the 
major source of the N that the host contributes to the virus protein. If 
one assumes that in all cases the host N found in virus protein is derived 
from bacterial protein, one can calculate, on the basis of the relative N!® 
abundance that only about 12 to 14 per cent of the phage protein N was 
derived from the host cell in Experiments SI and SII. This agrees well 
with the results usually obtained with uniformly labeled host cells; namely, 
that the bulk of the virus protein is synthesized from N of the medium. 
These facts taken together suggest that bacterial protein is used for syn- 
thesis of virus protein, although it should be emphasized that only a small 
fraction of the bacterial protein (2 to 3 per cent) would be required for 
this purpose. 

Incorporation of Carboxyl-C™% Lysine by EF. coi—k. coli was grown in 
synthetic lactate medium containing 8 to 80 mg. per liter of C'-carboxyl 
lysine. C!4 was found only in the bacterial acid-soluble lysme and in the 
lysine of the bacterial protem. No detectable activity was found in the 
CO. which was produced or in any other cellular component, including the 
nucleic acids, or in glutamic or aspartic acids. The results of the experi- 
ments on the incorporation of lysine into growing bacteria are given in 
Table IT]. 

At a level of 8 mg. of lysine per liter, all of the amino acid which dis- 
appeared from the medium could be accounted for as labeled lysine in the 
cells.2 Under these conditions 52 to 57 per cent of the bacterial lysine 
comes from the amino acid in the medium. Despite a 10-fold increase in 
lysine concentration of the medium to 80 mg. per liter, the bacteria still 
synthesized 23 per cent of their lysine. 

Transfer of Lysine from Differentially Labeled Host Cells to T¢ Bacterio- 
phage—Bacteria were grown first in a synthetic medium containing 8 mg. 
per liter of the lysine-C™, as above. The labeled cells were centrifuged, 
washed, and allowed to grow for several hours in an isotope-free medium, 
to produce cells differentially labeled, the acid-soluble lysine having a 


?It is assumed that p-lysine is not utilized by #. coli. This assumption affects 
the calculation of the amount of lysine incorporated into the cell. However, since 
the radioactivity of the cell lysine was measured by use of an optically specifie en- 
zyme, the assumption does not influence conclusions about the transfer of host lysine 
to virus. 
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lower specific activity than protein lysine. The cells were infected with 
‘Ter*, and the virus isolated and analyzed. Table IV summarizes the 
findings of two such experiments. 

Since the phage protein contained lysine-C™, the experiments reveal 
clearly that some bacterial lysine is used in the synthesis of virus protein. 
The rest of the virus lysine was synthesized from the components of the 
medium. ‘This supports the findings with N® and, in addition, shows that 
the carbon chain of lysine is transferred intact from host to viral progeny, 


TaBLe III 
Incorporation of Carboxryl-C'%-Lysine into Escherichia coli 


Experiment I Experiment II Experiment II 
Concen- Specitic® Concen- Specific* | Concen- Specific’ 


tration activity | tration activity ! tration activity 


| me. per 1. c.p.m. meg. per l. c.p.m. me. per 
Medium lysine 


| 8.0 1740 | 8.0 1650 80.0 

eM | 2.6 1710 | 2.5 1600 | 19.6 1700 
Bacterial lysinet | 

«10.0 990 | 10.9 S6U 12.0 1340 

9.6 1000 | 10.4 900 10.2 1360 
Bacterial lysine derived from 


* Counted as an infinitely thick sample. 
t For the sake of comparison the values given here are those obtained from 1 liter 
of baeterial culture grown normally to 3.9 to 4.1 & 108 cells per ml. 
t Caleulated as 
Specific activity of whole cell 
Average specific activity of medium 


x mg. bacterial lysine per liter 


In Experiment SII the specific radioactivity of phage lysine is two-thirds 
that of the bacterial acid-soluble lysine, even though the protein in the 
phage obtained from a single bacterium contained more than 3 times as 
much lysine as the bacterial acid-soluble fraction. Moreover, the isotope 
content (total counts) of the phage lysine from one host cell is twice as 
great as the isotope content of the bacterial non-protein lysine. There- 
fore, even if acid-soluble lysine were used for virus synthesis, some highly 
radioactive lysine from the bacterial protein must also have been incor- 
porated into the virus protein. This experiment definitely implicates 
bacterial protein as the source of a portion of the virus lysine. 

In Experiment SIII, phage lysine had more than twice the specific acti- 
vity of the bacterial acid-soluble lysine, although the lysine content of the 
phage from one cell was less than that of the acid-soluble fraction of a 
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single host cell. This confirms the conclusion from Experiment SIT that 
bacterial protein lysine is used for virus synthesis. 

In Experiment SII in which the host cells were labeled with both N* 
and with lysine-C™“, approximately the same quantity of both isotopes 
(about 14 per cent) appeared to be transferred to the viral progeny. This 
suggests that lysine is transferred in a similar manner to the other amino 
acids of the host and that all of the various amino acids of the bacterial 
protein may be used for virus protein synthesis. However, from these 


TABLE IV 


Isotope Balance Study of Transfer of Lysine-C'* from Single Bacterial Cell to 
Average Virus Yield per Cell 


Experiment SII (differentially Experiment SIII (differentially 


labeled cells) labeled cells) 
| Lysine | Specific Isotope Lysine yor sy Isotope 
—content* | activityT content] content* content{ 
Bacterial cell | 
Acid-soluble............ | 7.8] 1260 | 980 9.5 | 243 231 
211 6120 | 129 , 000 300 2520 | 756,000 
Virus yield§$ | 
24.3 884 2,150 7.2 755 d44 
Virus protein | | 
Bacterial protein 


* Lysine content per particle = 3.47 X 10 y in Experiment SII and 3.42 
X y in Experiment SIII. 

t Counted as an infinitely thick sample. 

t Product of lysine content X radioactivity. 

§ Yield of virus per cell = 71 in Experiment SII and 21 in Experiment SILI. 


experiments it appears that only 1 to 2 per cent of the bacterial lysine is 
used for virus synthesis. 


Host Contribution to Virus Nucleic Acid 


The figure for adenine N in Table I was derived from measurement of 
the ultraviolet absorption. Dr. Arthur Koch in this laboratory has since 
found that adenine is the only nucleic acid base present in the acid-soluble 
portion of the bacteria, although not in sufficient quantities to account for 
the purine and the N”® transfer from host to virus previously observed (7, 
9). The isotope balance experiments on the transfer of N’ and P® which 
are described below (Table V) are in agreement with this fact. 
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Transfer of P® and N® from Differentially Labeled Host Cells—Vhe data 
from Experiment SII pertinent to the bacterial contribution of P*? and 
N® to the nucleic acid of Tsr*+ bacteriophage are presented in ‘Table V. 
It can be seen that, although the P content of the virus yield approximates 
that of the acid-soluble fraction of the cell, the isotope content of the virus 
vield greatly exceeds the amount of low molecular weight P*? compounds 
in the cell. However, there is more than sufficient isotope in the bacteria! 
IYNA (the probable source of the host contribution) to account for the 


TABLE V 


Isotope Balance Study of Transfer of P®? and N** from Single Bacterial Cell to Nucleic 
Acid of Average Virus Yield per Cell 


p32 N15 
labeled cells)  Specifi I | 
P content peciic tsotope content N15 | Total Ns 


activity content | 


- —— 


Bacterial cell 


Acid-soluble.............. 2.2 1.5 22 2.6 2.29 : 0.060 

Virus yield* | 

2.9 6.7 | 19 7.0 2.52 | 0.18 


N ce = 37%t 


* Yield of Ts per bacterium = 71. 

t Based on the assumption that bacterial DNA is the major source of bacterial 
P contributed to the phage. ; 

t Based on the assumption that bacterial DNA is the major source of bacterial N 
contributed to the phage nucleic acid and that N“ abundance of bacterial DNA and 
RNA is approximately the same. 


P® in the phage. Similarly the relatively large amount of N found in 
the virus nucleic acid (last column of Table V) shows that the bacterial 
acid-soluble N® cannot be the major source of the host N contribution. 
This is not unexpected since it has been found that bacterial adenine and 
guanine (9) and cytosine and thymine (8) are used for virus synthesis, and 
the validity of conclusions drawn from experiments with cells differentially 
labeled with N?* is confirmed by experiments with C“ and N?® (9). 

In previous experiments with uniformly labeled host cells the ratio of 
N contributed to P contributed was found to be 1.4 (7). The same ratio 
can be calculated for experiments with differentially labeled host cells, 
although this involves the assumptions listed in the foot-notes to Table V. 
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Since both the nitrogen and phosphorus of the phage DNA must have 
originated, in part, from bacterial nucleic acid, the isotope ratio of 1.4 
found in all experiments favors the view that the bacterial nucleic acid is 
transferred to the virus in the form of nucleotides or polynucleotides. 


DISCUSSION 


Investigation of the precursors of virus nucleoprotein has led to the 
conclusion that both bacterial DNA and protein serve as sources of ma- 
terial for bacteriophage formation. ‘The evidence for the utilization of 
bacterial DNA for virus DNA synthesis has resulted from the work of a 
number of investigators (3-10) and has been further extended by this 
study. The observation that host protein is used for synthesis of virus 
protein derives from the N* and lysine-C™ experiments reported in this 
paper. ‘This conversion of fixed constituents of the host into virus is of 
increased interest in view of the recent finding that bacteriophage T; 
obtains most of its P and N from the host cell rather than from the me- 
dium (6, 10). However, relatively little is known of the enzymatic mecha- 
nisms involved, and it is difficult to assess the biological significance of 
these conversions. 

The data presented in this paper on the use of bacterial N and P for 
virus DNA synthesis, taken together with the evidence on the transfer 
of host nucleic acid bases (8, 9), especially thymine (7, 8), strongly support 
the hypothesis (3) that nucleotides from bacterial DNA are used for virus 
synthesis. An apparently similar situation has been established for bac- 
teriophage ‘I’; (6, 10) and may hold for other phages of the ““T”’ series (4). 
It would be of considerable interest to determine whether similar trans- 
formations occur in other viral systems. The suggestion (26) that the 
conversion of host DNA into viral DNA might confer some specificity on 
the reproductive process has been questioned (5, 8) and further experiments 
are needed to elucidate this point. However, it is possible that the dis- 
organization and disruption of the nuclear apparatus of the host are a neces- 
sary events for successful virus reproduction (10). 

It is evident that the isotope technique makes it possible to consider 
the synthesis of virus nucleic acid and protein as relatively independent 
events. The isotope balance experiments with differentially labeled cells 
have shown that there is no common precursor which accounts for the host 
contribution to virus nucleic acid and virus protein. ‘Thus, low molecular 
weight compounds have been largely excluded as virus precursors, bac- 
terial nucleic acid has been shown to be used for phage nucleic acid syn- 
thesis, and bacterial protein has been implicated in virus protein formation. 
It has also been shown in this laboratory (9) that purines are not con- 
verted into non-purine compounds in the cell and that no other nitro- 
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genous compound in the cell at the time of infection is used for synthesis 
of phage purines. Not only are different host precursors used, but pro- 
tein synthesis in the infected system begins before a net increase in nucleic 
acid occurs (27), and N?!* is incorporated at a different rate, as well as g 
different level, into the nucleic acid and protein of the phage (7). 

The experiments with N!° and lysine-C* bear out the earlier report (7) 
that most of the virus protein is synthesized de novo from components of 
the medium assimilated after infection. ‘The same experiments give some 
clues as to the nature of the host contribution. It was found earlier with 
uniformly labeled host cells that an inverse relationship existed between 
the concentration of host N im the protein of the viral progeny and the 
vield of phage produced per bacterial cell (see (7) Fig. 2). The same 
relationship has been found to obtain in the present investigation in ey- 
periments with host cells labeled differentially with and lysine-C¥, 
Within the error of the biological assay, points from all experiments fall 
along the same curve. ‘This indicates that the amount of host material 
found in virus protein is relatively constant for a given yield of virus per 
cell, and that the protein of the last particles synthesized (in the last cells 
to lyse) contains very little bacterial N. This situation would arise, for 
example, if the host cell had only a limited amount of low molecular weight 
precursors of phage protein which were depleted in the early stages of 
phage reproduction, thus depriving later maturing virus particles of bac- 
terial N. However, the N?® and lysine-C"“ experiments with differentially 
labeled cells preclude an interpretation restricted to acid-soluble con- 
stituents of the cell. The limiting factor then might be the amount of a 
specific bacterial protein (or its rate of conversion to intermediates for 
virus protein synthesis). However, many factors obscure such inter- 
pretation; for example, the uncertainty whether protein turnover occurs 
in either the normal or infected cell, and the demonstration that signifi- 
cant proteolysis takes place prior to the completion of phage synthesis or 
lvsis (28). In any case, the finding that the bacterial contribution to 
virus protein is small for phages synthesized late in the reproduction 
process suggests that the transfer is not obligate for virus multiplication. 

Although chemical analysis (Table I) shows that there is sufficient free 
amino acid N in the bacterial host to account for the N contribution to 
phage protein, the quantity of isotopic N transferred was unaffected by 
differential labeling, which greatly decreased the amount of isotope present 
in the acid-soluble fraction. By reasoning analogous to that used in 
excluding acid-soluble P as the major precursor of viral DNA P, it must be 
concluded that the free amino acids present in the cells at the time of 
infection are used only to a slight extent for the synthesis of virus protein. 
However, a moderate amount of protein turnover in the infected host 
could explain the apparent contribution of host protein to the phage. 
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SUMMARY 


The origin of virus C, N, and P in the Escherichia coli-bacteriophage 


T+ system has been investigated by the use of host cells labeled with 
N45) P®, and with lysine-C™. Procedures are described for producing 
bacteria differentially labeled in the various cellular fractions. From the 
total isotope balance in the infected system and by measurement of specific 


activities the relative contribution of the medium and of the different bac- 


terial components to the virus nucleoprotein was determined. 


It has been possible to exclude the host free amino acids and low molec- 


war weight phosphorus- and nitrogen-containing compounds as common 
intermediates in the synthesis of virus nucleic acid and protein. About 
two-thirds of the virus desoxyribonucleic acid is synthesized from com- 
ponents of the medium, but the remaining one-third is derived from host 


nucleic acid (probably DNA). Although most of the virus protein is 
synthesized de novo, there is a small contribution of amino acids and N 


from the bacterial protein. Quantitatively, only a few per cent of the 
total bacterial protein is transformed into virus protein. 


We are indebted to Miss Lucille Palm, Mr. Dean Miller, and Mrs. 


Louise Mackenzie for assistance in this work. 
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BIOCHEMICAL STUDIES OF VIRUS REPRODUCTION 
X. PRECURSORS OF BACTERIOPHAGE T;* 


By FRANK W. PUTNAM, DEAN MILLER, LUCILLE PALM, 
AND I. A. EVANS, Jr. 


(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 
(Received for publication, June 2, 1952) 


Most previous isotopic studies of the proliferation of the Lscherichia 
colt bacteriophages have employed the wild type (i+) strains of Ts, Ts, 
and T's. ‘These large tadpole-shaped viruses are morphologically similar 
and are serologically related. They exhibit the phenomenon of lysis in- 
hibition; 2.e., multiple infection of bacteria in mass culture by these phages 
results in a marked increase in the time required for lysis, although only a 
single generation of virus is produced (2, 3). All of these viruses derive 
70 to 80 per cent of their P from the inorganic phosphate of the medium, 
only 20 to 30 per cent coming from bacterial constituents present at the 
moment of infection (3-5). <A similar situation obtains with the N of 
Tat (6). Experiments with bacterial hosts differentially labeled with P* 
and N?® (7, 8), as well as experiments with bacteria specifically labeled 
with C™ purines (9, 10) and pyrimidines (11), indicate that bacterial des- 
oxyribonucleic acid (IONA) is utilized for the synthesis of the DNA of 
these phages. 

It seemed desirable to ascertain whether a similar contribution of host 
DNA to phage progeny also occurs with the small spherical phage T; 
which differs in biological as well as morphological properties from Ts, 
Ty, and T,. Thus, T; has a short latent period, does not cause lysis in- 
hibition, and produces different cytological changes in the infected cell 
(12-14). As with the other phages of the ‘“T”’ series, the N of T; is about 
equally distributed between DNA and protein (15). However, because 
of the smaller size of T;, the initial DNA content of a single bacterium 
approximates that of the virus progeny liberated per infected bacterial 
cell and thus might suffice as the sole source of the nucleic acid content of 
this virus. In the studies included in this report, it has been found, in- 
deed, that most of the N and P of T; is derived from the host cell, and it 
appears that bacterial DNA is the major precursor of the DNA of the 
virus. 

* Aided by grants from The National Foundation for Infantile Paralysis, Inc., 
and the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of 
Chicago. Presented in part at the meeting of the American Societies for Experi- 
mental Biology at Cleveland, April, 1951 (1). 
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EXPERIMENTAL 
Materials and Methods 


The experimental procedures employed for the growth, purification, 
and analysis of coliphage T; were similar to those described in detail for 
bacteriophage T, (16, 17) with the exceptions noted below.t Measure- 
ment of N!* and P® content was carried out as previously described (3, 
6).2. To minimize contamination with air-borne phage, it was found con- 
venient to use strain B/1,5 of . coli rather than strain B. Daily assays 
for a period of 1 month with T; demonstrated equal efficiency of plating 
for strains B/1,5 and B. 

Bacteriophage Growth —lwo growth procedures were employed: one for 
experiments involving the transfer of isotopic constituents, the other for 
the preparation of stock phage. 

For the experiments with isotopes, bacteria were infected multiply (2 
to 8 phages per cell) to insure cessation of bacterial growth and production 
of a single generation of virus. Highest virus titers were obtained when 
the bacteria were cultured in a synthetic medium designated L-1 and 
prepared as previously described (16)? but containing 1.1 per cent sodium 
lactate, 0.34 per cent KH2POx,, and 0.1 per cent NH«Cl. To prevent virus 
inactivation, magnesium sulfate at a final concentration of 0.001 mM was 
added to all media and buffers. 

In this medium the bacterial count doubles in 80 minutes at 37°, and 
growth is logarithmic from 3 X 10’ to 2 & 10° cells per ml. The bacteria 
were grown to 2 to 8 X 108 cells per ml. with vigorous aeration, sedi- 
mented in a large refrigerated centrifuge, and then suspended in an en- 
riched medium, L-2, which contained twice the concentration of lactate 
and ammonia found in Medium I.-1: When the bacteria were to be la- 
beled, N#H,yCl or NaH.P®?O, (or both) was added to Medium [-1, the 
former at about 10 atom per cent excess, the latter at from 0.05 to 1 we. 
per ml. When P® was used, the total phosphate concentration of the 
medium was usually diminished to one-fourth and NaCl and KCI were 
udded to restore the ionic strength. 

For growth of stock virus a bacterial inoculum in 6 to 10 liters of Me- 
dium L-2 was infected with virus at a ratio of about 1 virus particle per 
50 bacteria, and the suspension vigorously aerated until lysis had occurred. 
This was usually complete in 3 hours, at which time the virus titer was 
constant. Measurement of the light transmission of the lysate with a 
photoelectric colorimeter with a blank at 400 my for synthetic media and 

1 Phage strain obtained from Dr. 8. E. Luria. 


2 P® supplied on allocation by the Oak Ridge National Laboratory. 
’ Dr. K. Knowlton aided in these experiments. 
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660 my for nutrient broth gave 95 to 97 per cent light transmission. Vig- 
orous aeration was essential. ‘The final titer was usually about 2 * 10!° 
phage particles per ml. 

Purification of T;—The chilled T; lysate was clarified by centrifuging | 
hour in a refrigerated centrifuge and the supernatant solution was passed 
through a refrigerated supercentrifuge (62,000 * g) at the rate of 500 ml. 
per hour. ‘The barrel contents contaiming the virus were clarified in an 
angle centrifuge (Servall SS-1) at 5000 X g. The virus was again sedi- 
mented by centrifugation for 3 hours at 18,000 X g. The phage was taken 
up in Ringer’s solution at pH 6.8 and purified by repeated differential 
centrifugation, 20 minutes at 5000 X g, in the angle centrifuge to clarify 
the virus solution, and 3 hours at 25,000 * g to sediment the virus. The 
brown pigment described by Kerby et al. (18) could be mechanically re- 
moved by allowing the pellets to stand in Ringer’s solution, whereupon 
the translucent virus gel slides to the bottom of the tube, leaving most of 
the pigment and other débris adhering to the wall. 

A Spinco model L ultracentrifuge (acquired after the completion of 
most of this work) permits the convenient and rapid sedimentation of T;. 
Centrifugation for 6 minutes at 40,000 r.p.m., maximum centrifugal force 
of 144,000 X g, suffices for 99 per cent sedimentation. 


Properties of T; Bacteriophage 


Infectivity—VThe purity of T; bacteriophage preparations obtained in 
the various experiments was estimated in terms of infectivity (gm. of N 
or P per plaque-forming unit) and also by study of the homogeneity of 
the preparation in the ultracentrifuge. Previous reports gave 5 & 10-” 
gm. of N per phage (15, 18) and 1.7 XK 10-" gm. of P per phage (19). The 
infectivity of our preparations containing 95 per cent or more of a single 
component by ultracentrifugal analysis varied from 4.8 to 5.8 &* 10-™ 
gm. of N per phage and in P content from 1.3 to 1.7 XK 10-” gm. of P per 
phage. Variations may be due to the presence of inactive phage as well 
as impurities. The values are also subject to the errors in the method of 
assay (+15 per cent for T;) as well as the inefficiency factor involved in 
plating. The apparent spherical diameter of the particles is about 80 
mu by calculation of the weight of the infectious unit and 45 to 50 mu 
on the basis of electron micrographs and analysis of the sedimentation ve- 
locity (18, 20).4 

Sedimentation Studies—Sedimentation velocity analyses were performed 
on some thirty preparations with the Spinco model E ultracentrifuge. 
Preparations of low infectivity were found to contain corresponding 


‘However, the diameter’ is reported to be 73 mz in electron micrographs of 
shadowed preparations (18). 
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amounts of impurities and the most common contaminant was represented 
by a rapidly sedimenting, light-absorbing, diffuse boundary which might 
be bacterial débris or aggregated phage. Such materials could be removed 
by a repetition of the differential centrifugation cycle. On occasion, one 
found smaller amounts of a component with a sedimentation constant of 
about 165 Svedberg units (8S) which was difficult. to remove by differential 
centrifugation. 

In Ringer’s solution at 6.8, so (the sedimentation constant cor- 
rected to 20° and a water basis) for the phage varied from 450 to 490 §, 
with a mean of 465. All of these values were obtained in the concen- 
tration range of 0.4 to 3.0 mg. per ml. The results agree well with the 
value of 470 8 previously reported for T; in the same concentration range 
(18). The anomalous drop in s2 previously reported for concentrations 
from 0.02 to 0.25 mg. per ml. was not encountered here, since the optical 
system of the Spinco ultracentrifuge is incapable of resolution of com- 
ponents at such low concentration.°® 

The ultracentrifugal homogeneity of the best preparations of coliphage 
T; is qualitatively comparable to that reported previously for ‘T's (22). 
However, since sedimentation studies with T; were carried out at low con- 
centrations, and, since measurements of the rate of diffusion of T; are not 
yet available, it has not been possible to compare the theoretical and ex- 
perimental diagrams, as was done in the case of T's. However, the method 
of preparation excludes the presence of significant quantities of low molec- 
ular weight contaminants, and the ultracentrifuge diagrams exclude the 
presence of more than 5 per cent of materials such as nucleic acid (829 of 
about 20 8). <A typical series of sedimentation diagrams is presented in 
Fig. 1. 

Light Absorption—Concentrated suspensions of purified T;7 coliphage 
have a characteristic clear, bluish opalescence. Marked turbidity or 
brownish coloration indicates the presence of impurities which are usually 
rapidly sedimentable in the ultracentrifuge. The absorption spectrum 
of a preparation which gave a single boundary in the ultracentrifuge (in- 
fectivity = 1.3 K 10-" gm. of P per plaque) was measured from 220 to 
1000 my with the Beckman spectrophotometer. The spectrum was simi- 
lar to that previously described for IT, (16). A distinct maximum occurs 
at 258 my and is associated with nucleic acid absorption. In the visible 
range, one observes a continued increase in optical density almost linear 
with respect to the reciprocal of the 4th power of the wave-length and hence 
to be attributed to molecular light scattering. The absorption coefficient 
(as defined by Putnam ef al. (16)) (K = density per mg. of P per ml.) was 


5 The anomaly has been attributed to boundary instability because it is also ob- 
served with spherical uniform polystyrene latex particles (21). 
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955 at a phage P concentration of 3 y per ml. This compares with the 
values of 363 for Ter and Tsrt+ and 278 for thymus desoxyribonucleic acia 
reported by Cohen and Arbogast (23) and the value of 260 recently ob- 
tained in this laboratory for Tsrt+. None of these figures is corrected for 
light scattering. The absorbency index per infective particle, as defined 
by Luria, Williams, and Backus (24), including a correction for scattering, 
was 2.7 X 10-" sq. cm. per particle. This may be compared with values 
of 4.5 10-" to about 7 sq. cm. per particle for and re- 
ported by the latter authors for preparations in which the ratio of infec- 
tious units to the absolute number of particles varied from 0.4 to 0.7. 
Stability—The activity of purified T; virus stocks was largely retained 
over several months storage at 2°. T; is much more resistant to mechanical 
methods of inactivation than is Ts, but is rapidly inactivated by 1: 1000 
trimethyldodecyl ammonium chloride, which is ineffective against Ts. 


Fic. 1. Sedimentation diagrams of bacteriophage T;. Sedimentation proceeds to 
the right. Photographs taken at 8 minute intervals at 8360 r.p.m. Phage titer, 
4.9 X 10" per ml.; infectivity, 1.4 * 10-" gm. of P per phage. This preparation was 
obtained in the experiment illustrated in Fig. 2, corresponding to Experiment 3 of 
Table I. 


Adsorption and Growth Curves of T; Bacteriophage 


Adsorption—Experiments with isotopes were carried out with three pro- 
cedures for infecting bacteria. In experiments of Type I suspensions of 
virus (about | & 10 T; per ml.) were added to cold suspensions of bacteria 
(about 1 & 10!° bacteria per ml.) in physiological saline and the mixture 
then added to the desired medium. Under these conditions, adsorption is 
slow and incomplete. In experiments of Type II adsorption was carried 
out in a Ringer’s solution containing 200 y of leucine per ml., but devoid of 
other organic sources of nitrogen and phosphorus, and hence neither bac- 
terial nor phage growth occurred. The infected bacteria were sedimented, 
washed with Ringer’s solution to remove unadsorbed phage, and then 
resuspended in warm nutrient broth or synthetic medium. Under these 
conditions, about 60 per cent of the phage was adsorbed in 15 minutes. In 
experiments of Type III bacteria and phage were mixed in concentrated 
suspension in an adsorption medium containing 0.0001 M MgSO, and a total 
phosphate concentration of 0.0001 mM at pH 7. Under these conditions, 
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95 per cent of the phage was adsorbed in 10 minutes. In these experiments 
unadsorbed phage was removed by centrifugation and washing of the ip. 
fected bacteria. Some desorption of phage occurred on moculating 4 
growth medium with the bacterial suspension. The degree of desorption 
could be measured by assay of the phage content of the supernatant 
solution, and the number of uninfected bacteria could be determined by 
viable count. In all three types of experiments the moment of the addition 
of the infected bacteria to the growth-supporting medium was taken as 
zero time. Although almost all of the cells were rapidly infected in the 
three types of adsorption procedures, the evidence for growth of only one 
virus generation is best in the last experiments (Type ITI). 

Growth Curves—When F£. coli cells are infected in mass culture with 
several particles of T; per cell, lysis occurs rapidly and can be followed 
directly by the change in light transmission in the visible and ultraviolet 
regions, by the liberation of P® from infected labeled cells, and by the 
increase in phage titer. The stepwise nature of phage multiplication is 
illustrated by Fig. 2, showing the parallel increase in light transmission at 
660 my, the rise in titer, and the increase in the specific radioactivity of the 
supernatant solution when P*-labeled /. coli are infected in a Ringer’s 
leucine medium (Type II experiment) and then transferred to broth. In 
this case desorption was not measured, but the effective adsorption in 
Ringer’s solution was 78 per cent. As is seen in Fig. 2, the latent period 
approaches the normal value of 13 minutes. The rapid liberation of virus 
with parallel clearing of the solution indicates that one generation of phage 
is produced. 

A somewhat similar result is obtained with synthetic medium, although 
the apparent latent period is sometimes extended, either because of slow 
adsorption or because of nutritional requirements.’ In Fig. 3 the rise in 
phage titer and in light transmission is delayed and is slower as compared 
to the experiment of Fig. 2. A large increase in ultraviolet light absorption 
occurs during the latent period. Though increased light absorption at 


6 The existence of two steps in the invasion of host cells by bacterial viruses T,, 
Te, and T, has just recently been described by Puck et al. (25, 26), who have shown 
that the initial interaction of virus and host consists of an extremely rapid, rever- 
sible step whose rate can be completely controlled by the salt constituents of the 
medium. 

7 Although we confirmed that the minimal latent period of T; is 13 minutes in 
broth, stepwise growth curves in lactate medium were not obtained by the usual 
single infection procedure (27). It has been stated (28), “‘If the growth medium is 
changed the latent period changes very little, even though the bacteria themselves 
may grow much more slowly in the new medium.’’ However, Adams (29) reports the 
latent period of phage T; is lengthened in chemically defined medium, and Fowler 
and Cohen (30) have used the effect of supplements on the burst size and latent 
period of T. phage to determine nutritional requirements. 
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960 mu has been used as a measure of DNA synthesis for T's phage (31), this 
cannot correspond to DNA synthesis for T;, since, as shown in Fig. 3, only 


BROTH#3 LABELED BACTERIA 
95 


| 
S SPNOMINAL LATENT 
750 
600 120} 
J 


RANSMISSION 


Te 


% LIGHT TRANSMISSION 


0 10 20 30 40 50 60 
MINUTES 
Fic. 2. Growth curve of T; bacteriophage after multiple infection of P*-labeled 
bacteria in nutrient broth. @, light transmission of the whole culture at 660 my; 
®@, phage titer; O, radioactivity of the supernatant solution after centrifugation of 
aliquots of the infected cells. 
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Fic. 3. Growth curve of T; bacteriophage after multiple infection of E. coli in 
synthetic medium. O, optical density at 260 my; @, light transmission at 490 my; 
9, phage titer of the crude lysate; O, DNA analyses of aliquots of the whole culture. 
The DNA data are plotted as increments on a seale comparable to the optical den- 
sity, and thus an optical density increment of 0.01 is equivalent to 0.357 y of DNA 
per ml. In the first 60 minutes the net increase in DNA was7 per cent. The over- 
all increase in phage titer was 25-fold. 
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a small increment in DNA was observed in the experiment and the optical 
density at 260 my passes through a maximum. It seems probable that 
the initial increment observed in ultraviolet light absorption is probably a 
light-scattering effect due to swelling of the bacteria prior to lysis. How- 
ever, either ultraviolet light absorption or visible light transmission may 
be used as a convenient and rapid technique for following the course of 
lysis. 


Precursors of Viral Phosphorus and Nitrogen 


Origin of Phosphorus of T;—A series of experiments to ascertain the origin 
of the P of T; bacteriophage is summarized in Table I. Experiment 1 in 
the series was of Type I, involving the adsorption of T; on P*-labeled 
bacteria in saline and subsequent growth in lactate medium without re- 
moval of unadsorbed phage. The specific activity of the phage was about 
60 per cent that of the bacteria. However, since adsorption was poor and 
cell growth possible, this is a minimal value. In Experiments 2 to 5, ali- 
quots of the whole bacterial culture were chilled and centrifuged. The 
bacteria were then washed twice with Ringer’s solution and a P partition 
carried out by the Schmidt-Thannhauser procedure (32). The specific 
activity of the several bacterial P fractions is given for the time of infection 
and at a time just prior to lysis, the latter being anticipated by measure- 
ment of optical density in ultraviolet or visible light. 

An immediate drop in the specific activity of bacterial acid-soluble P was 
noted, presumably due to exchange with the unlabeled inorganic phosphate 
of the medium. However, in no case did the specific activity of the other 
P fractions of the infected bacterium-phage complex differ by more than 
25 per cent from that of the initial bacteria; in most cases the agreement is 
within experimental error. THowever, as the time of lysis approaches, some 
decrease in specific activity of all fractions occurs, although this may be due 
to initial growth of uninfected bacteria. Experiment 5 (Table I) involved 
bacteria differentially labeled by growth in labeled and then in unlabeled 
medium. Experiments 2 to 5 demonstrate that the specific activity of the 
DNA P of the liberated phage is 2 to 5 times that of bacterial acid-soluble 
P and equal or somewhat less than that of the other bacterial P constituents. 
Similar results are obtained both in nutrient broth and in synthetic me- 
dium. It follows that most of the P of the T; phage is derived from the 
host cell at the yields of virus (30 to 90 phage particles per bacterial cell) 
encountered in these experiments. Furthermore, since the specific activity 
of the phage P exceeds that of the bacterial acid-soluble P, some other 
constituent of the host must be the major source of phage P. Finally, the 
amount of DNA in phage liberated per bacterial cell approximates that of 
the host, indicating a minimal synthesis of DNA. 
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Fig. 4 records an experiment in which unlabeled cells were infected with 
T; (Type I experiment) in a medium containing P®. After a latent period 


TABLE | 
Utilization of Host P for Synthesis of BE. coli Bacteriophage T;* 


Phage 


Bacteria at infection Bacteria prior to lysis 


Type No. 


Alcohol | RNA DNA RNA DNA’ DNA 
1 | es Whole bacteria = 60 | | 34 
2 79 | 179 | 2014 S4 203 «230 
3t Il | 259, 547 | 518 | 472g) 215 | 408 | 464 474 435 
4t bacteria = 404 | 178 | 414 | 380 337 
5t II 22 | 98 110 | 2 | & 92 123 99 


* All values denote the specific activity ‘uaa per > minute per micrograms of P) 
of the P fractions of the bacteria or the phage. The bacteria were labeled by growth 
in radioactive medium and infected in isotope-free medium. 

t Experiments in nutrient broth medium; all others in synthetic medium. 

t Bacteria differentially labeled by second growth in isotope-free medium. 
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of 40 minutes, a sharp rise in phage titer and light transmission occurred, 
ending at 70 minutes. All P fractions of the bacterial cell show a small 
increase in isotope concentration, due probably to poor initial adsorption, 
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incomplete infection, and some bacterial growth. ‘The DNA fraction (con- 
sisting of bacterial DNA and the DNA of unliberated virus) had the lowest 
specific radioactivity at the time of lysis. The specific activity of the 
isolated virus was two-thirds that of the bacterial RNA and approximately 


TABLE II 
Origin of P and N of E. coli Bacteriophage T; 


Isotopic activity, atom per cent excess N'5 or c.p.m. 
per 


Experiment No. | Isotope Material Bacteria at 10 min. or final virus 


Initial 

9* | Nis Virus 1.36 S.16 4.40 
Bacteria 9.70 8.97 6.71 
Ratio 0.82 1.12! 0.48 

ps Virus 323 

Bacteria 626 347 391 
| Ratio | 0.57 | 0.83 
Virus 5.16) 2.51 
| Bacteria 9.40 7.36 3.84 6.48 8.30 
Ratio 0.51 | 0.80) 0.30 

Virus 109 118 | 

Bacteria 172 153 | 156 140 
Ratio 0.71 0.76 0.54 


* 86 per cent of the phage was adsorbed in saline medium; ratio of phage adsorbed 
per cell, 4.75. After 2 minutes in the broth, 32 per cent of the phage was desorbed, 
leaving an effective average multiplicity of 3.1. However, 25 per cent of the cells 
were viable at 2 minutes, though on a probability basis only 4 per cent should have 
been uninfected. The discrepancy between the experimental results for viable 
cell counts and the theoretical Poisson distribution may result from mixing effects 
during infection. 

+ 84 per cent of the phage was adsorbed in salt medium, yielding an effective 
multiplicity of 9.4. After 5 and 10 minutes, respectively, in broth 54 per cent and 
58 per cent of the virus particles were desorbed and still free, vielding an effective 
average multiplicity of 4.25. In this case, 4.9 and 5.3 per cent of the bacteria were 
viable at 2 and 5 minutes, respectively, though statistical considerations would 
predict that less than 1.4 per cent would be uninfected. 


equal to that of the DNA fraction, supporting the view that virus DNA 
wrises from bacterial DNA rather than from the acid-soluble P compounds 
present at infection. 

Origin of Bacteriophage N—Three experiments were done with cells la- 
beled with N'. The results were confirmed and extended in three addi- 
tional experiments in which the bacteria were labeled with both N!° and P®. 
The results of the latter experiments are given in Tables IT and III. 
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All three experiments were of Type III, and some desorption occurred 
on transfer of the virus-host cell complex from the salt solution to nutrient 
broth. After resuspension of the phage-bacterium complex in nutrient 
broth, measurements of desorption and viable cells were made. The results 
for Experiments 9 and 10 are given in the foot-notes to Table II and are 
indicated in Fig. 5 for Experiment 11. These data demonstrate the revers- 
ibility of the primary stage of the adsorption process for T; bacteriophage. 
However significant this phenomenon may be biologically, its existence 
does not invalidate the isotope experiments. For example, as seen in 


TaB_Le III 
Origin of P and N of Tz Bacteriophage (Experiment 11) 
| | | | | | 
Material | Time Whole | 4 | DNA Protein 


P*? specific activity = ¢.p.m. per y P 


min 
Bacteria 0 778 642 716 675 | 660 
| 10 | | 332 |505 | 540 | 500 
Phage Final 435 475 | 353 
Ratio 0 0.57 0.66 0.54 
“ 10 0.88 0.71 
N' atom % excess 
Bacteria 0 9.90 7.06 9.64 9.95 9.82 
10 $.35| 6&.72| 8.18; 8.83 
Phage Final 5.74: 1.85, 5.81 3.62 6.53 3.75 
Ratio 0 0.58 , 0.67 


10 0.69 0.80 0.45 


Fig. 5, 50 per cent of the bacteria appeared viable after transfer to broth, 
and the bacterial ceunt actually increased in the first few minutes. How- 
ever, the number of viable bacteria had decreased to less than 1 per cent 
at 20 minutes and to a negligible value shortly thereafter. Since the mean 
generation time of EH. coli strain B, in aerated broth at 37° is about 26 
minutes, appreciable growth and normal nucleoprotein synthesis may occur 
in the first 10 minutes if a substantial proportion of the cells is viable. 
This is reflected by the 15 to 25 per cent decrease in the isotope activity of 
the various bacterial P and N fractions from 0 to 10 minutes (Tables IT and 
III). However, after 10 minutes, normal bacterial growth essentially 
ceases, justifying the comparison of the isotopic activity of liberated phage 
to cell fractions at that time. 
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In Experiment 11 (Table III) DNA analysis was carried out on a tri. 
chloroacetic acid precipitate of 10 ml. aliquots of the chilled lysate. A 
small increase in DNA occurred just after the latent period (see Fig. 5), 
The total increment was about 1.8 y per ml. compared to a phage DNA 
content equivalent to 2.7 y per ml. Though the values are too small to be 
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Fic. 5. Growth curve of bacteriophage T; in Experiment 11. The ordinate on 
the left gives the phage titer in units of 108 per ml. (O), viable bacteria (10° per ml., 
0), and the DNA content of aliquots of the chilled lysate (micrograms per 10 ml., 
A). The right-hand ordinate gives the turbidity at 660 my (@). 


wholly satisfactory and do not correspond with the decrease in DN A iso- 
topic activity, they indicate a minimal synthesis of viral DNA. 

From the results of Tables II and III, the following is clear. (1) Most 
of the N as well as the P of T; bacteriophage is derived from the host cell. 
(2) Since the isotopic activity of the virus nucleic acid N or P is greater 
than that of the bacterial acid-soluble fraction, it follows that the latter 
does not serve as the chief precursor of viral DNA. This conclusion does 
not apply, however, to the viral protein N. (3) Both on a relative and an 
absolute basis (since T; N is about equally distributed between DNA and 
protein), twice as much virus nucleic acid N as protein N is derived from 
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the host cell. (4) No deduction as to the molecular nature of the material 
transferred can be made from the ratio of nucleic acid N and P transferred 
from host to virus, since this ratio varies widely. However, as with Ts, 
a differentiation in transfer of N and P does seem to take place. 
DISCUSSION 

The experiments reported in this and previous papers from this labora- 
tory have been designed to ascertain the nature of the precursors of the 
virus nucleoprotein, their mode of conversion to viral substances, and the 
possible specificity and biological significance of the process. With coli- 
phages T2, T's, and ‘T's, the contribution of host material is relatively small 
and neither the phosphorus-containing nor nitrogenous compounds of the 
bacterial acid-soluble fractions constitute a quantitatively significant source 
of material for viral synthesis. While small amounts of adenine and insig- 
nificant quantities of guanine and pyrimidines are present in the acid- 
soluble bacterial fractions (11, 33), these also do not appear to contribute 
significantly to viral DNA. However, a number of facts indicate that a 
transfer of large quantities of bacterial DNA to the viral offspring is a 
characteristic feature of viral replication. From experiments with bacteria 
specifically labeled with C'4-adenine and C'-guanine (10) it is possible to 
show that the bacterial purines are used intact for the synthesis of virus 
nucleic acid, and that the ring N of the phage purines is entirely free from 
contributions from the other nitrogenous components of the host. The 
similar isotopic activity of the purine and pyrimidine fractions of T. phage 
grown on N?}*-labeled bacteria suggested (6) that host pyrimidines are 
incorporated unchanged into phage DNA, and Weed and Cohen (11), 
employing /#. colt in which the pyrimidines were labeled with C, have 
recently demonstrated directly the utilization of host pyrimidines for viral 
synthesis. There is no increase in pentose (2, 6) and no turnover of the P 
(+) or purine’ moieties of the ribonucleic acid (RNA) in phage-infected cells. 
All of these facts indicate that bacterial nucleic acids are used for phage 


synthesis, and it appears probable that other components of the bacterial 


cell are not transferred to the viral progeny in any quantitatively significant 
degree. However, with the coliphages T:, T,, and Ts, a synthesis of viral 
nucleoprotein from the components of the medium is of quantitative im- 
portance. 

The data presented in this report for bacteriophage Tz are in harmony 
with the concept that the transfer of large amounts of bacterial DNA to 
viral DNA is a characteristic feature of coliphage replication. With Ts 
and the other even-numbered phages, the transfer is accompanied by the 
synthesis of much DNA from the components of the medium. With Ty, in 


§ Koch, A. L., unpublished experiments. 
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which there is sufficient bacterial DNA to supply the requirements of the 
viral progeny, little utilization of the components of the medium for the 
synthesis of viral DNA takes place. In spite of the quantitative difference 
between the two types of coliphage, there is nothing in the evidence pre- 
sented here to suggest any qualitative difference in the process. However, 
the physiological significance of DNA transfer is still obscure. 


We are indebted to Roy P. Mackal, Robert Metzenberg, Peter Stelos, 
and Mrs. Louise Mackenzie for assistance in some of this work, and to 
Dr. Lloyd M. Kozloff for interest and criticism. 


SUMMARY 


Escherichia colt bacteriophage Tz was prepared by growth on host cells 
cultured in synthetic medium or nutrient broth. The infectivity, ultracen- 
trifugal homogeneity, absorption spectrum, and other properties of the 
purified virus are described. One-step growth of the virus in mass cultures 
of multiply infected bacteria was demonstrated by change in light absorp- 
tion, decrease in viable cell count, and phage liberation. Experiments with 
P*?_labeled host cells indicated that from 60 to 90 per cent of the phage P 
is derived from bacterial nucleic acid. Experiments with N!*-labeled cells 
established that a similar proportion of the nucleic acid N of the virus is 
obtained from the host nucleoprotein. However, only about 40 per cent of 
the protein N of the virus originates in bacterial material assimilated prior 
to infection. The results agree with the conclusion drawn from isotopic 
studies of the large phages T., Ty, and T's that bacterial desoxyribonucleic 
acid is a precursor of phage desoxyribonucleic acid. However, the transfer 
seems relatively greater to T; bacteriophage because of the small size of 
this virus. 
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THE ORIGIN OF L-ASCORBIC ACID IN THE ALBINO RAT* 


By HUGH H. HOROWITZ,t ALBERT P. DOERSCHUK,} C. G. KING 


(From the Department of Chemistry, Columbia University, 
New York, New York) 


(Received for publication, June 13, 1952) 


Although ascorbic acid is synthesized: by nearly all animals except man, 
other Primates, and the guinea pig, information concerning its origin is 
still incomplete. Attempts to increase markedly the production of as- 
corbic acid in rats by feeding large amounts of individual carbohydrates 
have met with very limited success (1, 2). Chloretone and many other 
nerve depressants stimulate rats to excessive urinary excretion of the 
vitamin (2-4), but these stimulants do not serve as precursors (5). The 
livers and kidneys of Chloretone-treated and normal rats, when incubated 
under nitrogen, have shown increases in their vitamin C content, espe- 
cially in the presence of carbohydrate intermediates (6, 7). However, 
it was not until uniformly labeled glucose was shown to give rise to uni- 
formly labeled ascorbic acid in the urine of Chloretone-stimulated rats 
that evidence of a definite precursor relationship was obtained (5). The 
possibility still remained that glucose had been fragmented and recom- 
bined with equal dilution of both fractions. 

In the present study, glucose-1-C™ was converted to ascorbic acid and 
the latter was partially degraded to isolate carbons 1, 2, and 6. The 
distribution of radioactivity found indicates direct) conversion without 


fragmentation. 


EXPERIMENTAL 


Synthesis of p-Glucose-1-C%—The method of synthesis, with minor 
changes, was based on the procedure suggested by C. 8S. Hudson! (8). 
2mmM of NaCN containing | me. of C' and 1 mm of NaOH were mixed with 


* This investigation was aided by a grant from the Nutrition Foundation, Inc., 
and contract AT(30-1)-1137 from the Atomic Energy Commission. 

t The data given in the present manuscript constitute a portion of the thesis sub- 
mitted by Hugh H. Horowitz in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy, Faculty of Pure Science, Columbia University. 

tf Present address, Lederle Laboratories Division, American Cyanamid Company, 
Pearl River, New York. 

1The authors are indebted to Dr. C. S. Hudson (National Institutes of Health, 
Bethesda, Maryland) for his courtesy in discussing details of synthetic procedures 
before the appearance of his paper. Shortly after the synthesis was completed, a 
similar procedure was reported by Isbell eé al. (20). 
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1 mM of p-arabinose and 1 mm of NH,Cl in a total of 4 ml. of water at 0° 
and allowed to stand 1 week at this temperature. The product was hydro- 
lyzed with Ba(OH). at 40° for 2 hours and then boiled under a stream of 
nitrogen to remove NH3;. Following removal of the cations and replace- 
ment with barium ions, the barium gluconate was crystallized from 25 per 
cent methanol in water. The barium was removed and the gluconic acid 
was lactonized, but not crystallized, in vacuo over concentrated H.SO,. 
Reduction of the lactone was carried out at 0° in 2 ml. of water with eleven 
1 gm. portions of 2.5 per cent sodium amalgam and continuous addition 
of 10 per cent H2SO, at a rate of 0.4 ml. per hour. After removal of the 
sodium sulfate and addition of 50 mg. of carrier glucose, the product was 
crystallized from acetic acid. Glucose was obtained (66 mg.) with an 
activity of 1.8 we. per mg. (9.4 & 10° ¢.p.m. per mg. on our counter,’ un- 
corrected for geometry). 

The chemical purity of the product was demonstrated in trial run samples 
containing no carrier glucose. M.p. 146-147°; [a] = +52.6° (ce, 2.5): 
literature, +52.55°. Reducing value by the Shaffer-Hartman method, 101 
per cent of glucose. 


C.Hi20¢. Calculated, C 40.0, H 6.71; found, C 40.1, H 6.67. 


Isolation of Biosynthetic L-Ascorbic Acid—Male albino rats of the Wistar 
strain, on an evaporated milk diet, were stimulated with daily doses of 
Chloretone, increasing from 15 to 40 mg. and given by stomach tube in 1 
ml. of evaporated milk. When the urinary excretion reached 30 to 45 mg. 
of ascorbic acid per day, as determined by indophenol titration, roughly 
5 mg. of the glucose-1-C in 1 ml. of water were injected intraperitoneally. 
24 hours later the Chloretone administration and glucose injection were 
repeated. Urine was collected during each 24 hour period in 5 ml. of 10 
per cent oxalic acid and combined at the end of the 2 day period. The 
ascorbic acid content was determined by titration, and enough carrier was 
added to bring the total amount to 300 mg. The vitamin was purified by 
removal of the oxalic acid with lead acetate and adsorption on a 10 gm. 
eolumn of Amberlite [R-4B anion exchange resin (9) either in the hydroxide 
or in the acetate (10) form. After the column was washed with water, the 
material was eluted with Nn HCl and the solvent was removed at 25° in 
vacuo. The syrup was taken up in 10 ml. of absolute alcohol, treated with 
110 ml. of anhydrous ether, and filtered. The filtrate was concentrated 
to a syrup 7n vacuo and the ascorbic acid was crystallized from acetic acid. 
The white crystals were washed with 2:1 ligroin-ethanol and ethyl] ether 
and dried at 65° in vacuo (10). M.p. 188-190°. 


2 Model L-163 counting system and shield, Nuclear Instrument and Chemical 
Corporation, Chicago, Illinois. 
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CelHsO¢. Calculated, C 40.9, H 4.57; found, C 40.9, H 4.71 


The animals converted glucose to urinary ascorbic acid in radioactive 
yields of roughly 0.5 per cent, of which over 50 per cent could be isolated 
as crystalline material. 

The 2,4-dinitrophenylosazone of ascorbic acid was prepared either from 
the crystalline material or from the supernatant fluid by the method of 
Jackel, Mosbach, and King (9). 

Degradation of Ascorbic Acid—For the separation of carbon 1, 25 mg. of 
erystalline ascorbic acid were decarboxylated (5) in 10 ml. of 8 Nn HoSO, at 
100° under a slow stream of nitrogen for 3 hours. The CO. was collected 
in Ba(OH)2; the yields were nearly always 90 per cent. 


TABLE 


Activity Found in Specific Carbons of Ascorbic Acid* after Administration of 
Glucose-1-C' 


Per cent total C' activity found in 


Rat 

Carbon 1 Carbons 1 and 2 | Carbon 6f 
A 10.3 17.8 55.8 
B 11.0 56.0 
C | 56.1 


* The values are subject to +5 per cent error. The specific activities of the iso- 
lated ascorbic acid were as follows: for Rat A, 117 ¢.p.m. per mg.; for Rat B, 137 
¢.p.m. per mg.; and for Rat C, 167 ¢.p.m. per mg. 

t Originally carbon 1 in glucose. 


Carbons 1 and 2 were isolated as oxalic acid after rapid cleavage of 50 
mg. of ascorbic acid with excess iodine in 0.2 N NaOH (11). Calcium 
oxalate was precipitated as the monohydrate at pH 5, collected, washed 
with dilute ammonia, redissolved in N HCl, and reprecipitated while hot 
at pH 5. The yields were consistently close to 87 per cent. 

Carbon 6 (Table I) was isolated from the osazone of ascorbic acid as 
follows: 60 mg. of the osazone were dissolved in 25 ml. of 0.1 N NaOH. 
Paraperiodic acid (150 mg.), neutralized with NasCQO ; in a small volume of 
water, was added to the osazone solution. The reaction was completed in 
30 minutes, with consumption of 2 M periodate per mole of osazone. (Peri- 
odate uptake continues slowly at a rate of about 1 mm per mm in 48 hours.) 
After 30 minutes, enough concentrated HCl was added to give a concentra- 
tion of 1 nN. A red-brown precipitate formed, which probably consisted 
of an osazone containing the first 4 carbons of ascorbic acid, but it was not 
fully identified. Excess 1.2 nN sodium arsenite solution was added to reduce 
the remaining periodate. After filtration, the pale yellow filtrate was 
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neutralized with NaOH. Sodium acetate was then added, followed by 
3 ml. of 8 per cent dimedon in 95 per cent ethanol. The dimedon-formalde- 
hyde precipitate represented a yield of 65 to 70 per cent. After treatment 
with charcoal and recrystallization from boiling aqueous alcohol, the prod- 
uct had a melting point of 189-190°, which was not changed by admixture 
with authentic dimedon-formaldehyde. 


CywHeOy. Calculated, C 69.8, H 8.28; found, C 70.0, H 8.09 


Radioactivity Determinations—The radioactivity of the glucose and as. 
corbic acid was determined by combustion to BaCO; by the Van Slyke wet 
procedure (12). The BaCO; was mounted on paper disks and counted at 
plate densities below infinite thickness, corrected to infinite thinness (13). 

The ascorbic acid osazone, dimedon-formaldehyde, and calcium oxalate 
monohydrate were mounted directly on paper disks after being ground 
under water. ‘The self-absorption factors of dimedon-formaldehyde were 
found by plating material of known activity prepared from —iiformly 
labeled glucose? by the method of Reeves (14). These fac: e identi- 
cal with the values for BaCO; within +3 per cent. 

The factors for calcium oxalate monohydrate were based upon the use 
of oxalate from L-ascorbic acid-1-C™ (10). The material gave a count 21 
per cent higher than BaCO;. In one experiment, as a check, the oxalate 
was converted to BaCO; and recounted. The factors for ascorbic acid 
osazone were found to be the same as for BaCQs at low plate densities.‘ 

Radvoactiwe Purity—The radioactive purity of the glucose was tested by 
recrystallization with 1250 times its weight of carrier glucose. The re- 
crystallized glucose had the calculated activity within the precision of the 
method. 

The activities of the ascorbic acid and osazone were checked against 
each other, and in one experiment each was recrystallized, the free acid 
from ethanol-ligroin and the osazone from acetic acid-water and also from 
acetone-alcohol. All activities remained constant. 

The calcium oxalate was dissolved in acid, extracted with ether, and 
reprecipitated with unchanged activity. In another test, the oxalate was 
converted to the free acid and twice sublimed. Constant activity was 
observed. 

The dimedon-formaldehyde was shown to be radioactively pure by re- 
crystallization from boiling ligroin without change in activity. 

Other Metabolism Experiments—In a metabolism apparatus described 
previously (5), the hourly rate of expiration of C“O, (Table IT) was de- 

’ Kindly supplied by Dr. W. Z. Hassid, University of California, Berkeley, Cali- 
fornia. 

4 Burns, J. J., personal communication. 
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termined during the 24 hour period after glucose administration. At the 
end of the experimental period, the animal was killed, liver glycogen was 
isolated by the method of Stetten and Boxer (15), and the total urinary ra- 
dioactivity was determined (5). 
DISCUSSION 

The configurational relationships of carbons 4 and 5 in ascorbic acid 
suggest that, if the product was formed directly from glucose-1-C"™, it 
would be labeled solely in position 6, except for minor deviations caused by 
reutilization of glucose fragments. ‘The data obtained in the present study 
show 5 times more C* in position 6 than in other positions. 


The presence of some C" in the other carbons of ascorbic acid would be 
expected to arise from redistribution of the carbons in the body pool of 


TABLE II 
Oulput of afler Administration of p-Glucose-1-C™4 
C™ exhaled as CO: after Total | Total | C in 


2hrs. 3hrs. 4 hrs. 6hrs. 8 hrs. 23 hrs. 24 hrs. | 


4 | 


| 3 50.5 
D | 15.9 31.8 41.5 47.2 | 55. 


* Expressed as per cent of dose. 


glucose during the 24 hour period within which glucose was converted to 
ascorbic acid. Three pathways by which this redistribution could have 
occurred are as follows: (1) The data for respiratory CO. show that 75 
per cent of the radioactivity was recovered as C4O, within 24 hours, most 
of it appearing in the first 6 to 8 hours. Fixation of the CO, would result 
in some activity in carbons 3 and 4 of glucose (16, 17). (2) Since the C™ 
must have proceeded at least twice around the Krebs cycle before being 
converted to COs, there would be ample opportunity for forming appre- 
clable amounts of radioactive pyruvic acid, which can give rise to glucose 
labeled in positions 1, 2, 5, and 6, and to a lesser extent in positions 3 and 4. 
(3) Cleavage of glucose to triose phosphates, equilibration of these frag- 
ments, and recondensation to glucose would result in transferring small 
quantities of C' from position 1 to position 6. 

From consideration of these pathways, one can predict that of the re- 
maining 27 per cent approximately 10 per cent of the C'* would be found 
in carbons 3 and 4, respectively, and 7 per cent in carbon 5. The distri- 
bution found, when combined with the data obtained by using uniformly 
labeled glucose (5), practically eliminates alternate pathways for the bio- 


a 

* 

5.7 | 80.4 | 0.22 
5.4 | 80.3 | 0.23 
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synthesis of ascorbic acid except via a direct conversion from glucose 
without fragmentation. 

There is a possibility that glucuronic acid can serve as an intermediate 
in the conversion of glucose to ascorbic acid. Eisenberg and Gurin (18), 
working with rabbits, and Douglas and King (19), working with guinea 
pigs, found that glucose-1-C™ was converted to glucuronic acid labeled in a 
manner very similar to that reported here for ascorbic acid. However, 
feeding 1 gm. quantities to albino rats did not result in increased excretion 
of the vitamin (2). 


SUMMARY 


Intraperitoneal administration of p-glucose-1-C™ to Chloretone-stimu- 
lated rats resulted in urinary excretion of ascorbic acid containing C¥ 
chiefly in position 6, thus providing additional strong evidence of direct 
conversion of glucose to ascorbic acid. 
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THE METABOLISM OF GLUTARIC ACID-1,5-C™ 
I. IN NORMAL AND PHLORHIZINIZED RATS* 


By MORTON ROTHSTEIN ano LEON L. MILLER 


(From the Department of Radiation Biology, The University of Rochester School of 
Medicine and Dentistry, Rochester, New York) 


(Received for publication, May 21, 1952) 


This paper establishes the fact that the normal and phlorhizinized rat 
ean rapidly metabolize large amounts of glutaric acid. Lxperimental evi- 
dence is presented, indicating the possible routes by which glutaric acid- 
1,5-C™ is converted to radioactive carbon dioxide, glucose-3 ,4-C', aceto- 
acetic acid-1-C', and a radioactive 2-carbon fragment. | 

Glutaric acid has been fed to humans and does not appear in the urine 
in significant amounts, and, unlike longer chain dicarboxylic acids, appears 
to be largely utilized (1). In addition, it has been suggested as a product 
of lysine breakdown in guinea pig liver homogenates (2). Beyond this, 
little appears to be known about glutarate metabolism. 


EXPERIMENTAL 


Preparation of Glutaric Acid-1 ,5-C'—This acid was prepared by hydro- 
chloric acid hydrolysis of glutaronitrile-1,5-C“. The latter compound was 
isolated as a by-product of the synthesis of y-chlorobutyronitrile used in 
the preparation of e-C'-pL-lysine (3). 

The residues (3 to 4 ml.) from the fractional distillation of y-chloro- 
butyronitrile were dissolved in chloroform and treated with activated char- 
coal. After evaporation of the solvent, 2 gm. of inert glutaronitrile were 
added to the residue, and the material refluxed for 4 hours with 17 ml. of 
concentrated HCl. Decantation of the aqueous solution from a small 
amount of dark oily material on the walls of the flask, followed by evapora- 
tion to dryness in an air stream, yielded a white crystalline mass. This 
was extracted for 24 hours with 150 ml. of dry benzene in a Soxhlet ex- 
tractor. The benzene was evaporated to 50 ml. and cooled, yielding 2.7 
gm. of white crystals. 

The glutaric acid was recrystallized from benzene and assayed 3.12 & 10? 
disintegrations per minute per milliequivalent. 

For possible further purification, a piperazine salt of the glutaric acid 
was prepared in acetone. Piperazine monoglutarate, CoHisO4No, has a 


* Work supported jointly by the Office of Naval Research and the United States 
Atomic Energy Commission under contracts with the University of Rochester, 
N6ori-126, task VIII, and w-7401-eng-49. 
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theoretical N content of 12.83 per cent; found by Kjeldahl analysis, N = 
12.75, 12.83 per cent. ‘Two radioactivity assays gave 3.09 X 107 and 3.06 
< 10’ disintegrations per minute per milliequivalent. The salt was decom- 
posed with HCl and the glutaric acid extracted with ether from which 94 
per cent of the original glutaric acid was recovered. This acid melted at 
97—98° and had a neutralization equivalent of 65.5 (theory 66.0). 

Synthesis of y-Phenyl-DL-a-aminobutyric Acid—This acid was prepared 
by the action of 8-phenylethyl bromide on ethyl acetaminocyanoacetate. 
This synthesis is simpler than that of du Vigneaud and Irish (4) and the 
over-all vield from 6-phenylethyl bromide is about the same, though no 
attempt has been made to find the optimum reaction time. 

To 5 gm. of sodium dissolved in 200 ml. of absolute ethanol were added 
35 gm. of ethyl acetaminocyanoacetate. The mixture was refluxed while 
’ a solution of 40 gm. of 8-phenylethyl bromide in 75 ml. of absolute ethanol 
was added dropwise over a period of 23 hours. Refluxing was continued 
for a total of 9 hours, and the dark mixture was cooled, neutralized with 
glacial acetic acid, concentrated, and diluted with a large volume of water. 
It was then extracted four times with ether, and the extracts dried 
(NaSO,), filtered, and evaporated. The brown crystalline residue was 
hydrolyzed for 5 hours with 200 ml. of concentrated hydrochloric acid. 
The dark solution was distilled to dryness under a vacuum, dissolved in 
water, and neutralized with NH,OH. The resulting tan solid was washed 
thoroughly with water, ethanol, and ether. 

It was dissolved in dilute hydrochloric acid, heated, and treated with 
Norit. Neutralization with ammonia yielded a white solid which was 
purified by solution in sodium hydroxide, filtration, and precipitation by 
hydrochloric acid, followed by repeated solution in hydrochloric acid and 
precipitation with ammonia. ‘The yield was 16 gm. or 43.5 per cent of 
white solid. 


CioH1302N. Calculated, N 7.83; found, 7.60 


N-Benzoyl-y-phenyl-pL-a-aminobutyric acid was prepared for further 
characterization of the acid; m.p. 160.5—-161.5°. 


Calculated, N 4.95; found, 5.03 


Experimental Procedure~-Adult male rats (250 to 300 gm.) of the Wistar 
strain were phlorhizinized by three subcutaneous injections of 50 mg. of 
phlorhizin in 0.3 ml. of propylene glycol at 24 hour intervals. The animals 
were deprived of food after the second injection. After the third injection, 
the animals were given 8 gm. of Purina fox chow meal with meat containing 
the radioglutaric acid, the amounts varying in different experiments be- 
tween 35 and 40 mg. In addition, 300 mg. of y-pheny]l-pL-a-aminobutvric 
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acid were added to the food in Experiments 4 and 8 (Table II) and the 
acetyl-y-phenyl-L-a-aminobutyric acid isolated from the urine according to 
Bloch and Rittenberg (5). In the cases in which expired COs was col- 
lected, the glutaric acid was administered by stomach tube to a normal 
and a phlorhizinized rat previously fasted 24 hours. The rats were placed 
in a closed chamber through which air was drawn, and the CO, was col- 
lected in 40 per cent KOH and aliquots were assayed for C', as noted 
below. 

Glucose—The 24 hour urines were diluted to 100 ml. and passed through 
Amberlite IR-4 and IRC-50 consecutively. The percolate was evapo- 
rated to about 15 ml., and aliquots of this solution were used both for the 
preparation of glucosazone and for the bacterial degradation essentially by 
the procedure of Lifson et al. (6), except that a strain of Lactobacillus 
bulgaricus was used.! 

The chemical degradation of glucose to the bisphenylhydrazone of mes- 
oxalaldehyde was carried out by the method of Huebner and Link (7) with 
sodium periodate in 60 per cent dioxane solution. 

Acetoacetate—The 24 hour urine was treated with copper-lime and the 
acetoacetate degraded according to Weinhouse et al. (8). The carbon 
dioxide was collected separately before and after addition of dichromate, 
representing the carboxyl group of acetoacetic and 6-hydroxybutyric acids 
respectively. 

Radioactivity Assays—All assays were made with the apparatus of Bale.” 
This apparatus makes use of the wet oxidation mixture of Van Slyke and 
Folch (9) and measures C™ activity of the resulting carbon dioxide in an 
ionization chamber coupled with a dynamic vane electrometer and an | 
Esterline-Angus automatic recorder. The carbon dioxide of the barium 
carbonate samples and the expired CO, samples collected in KOH was 
liberated by acidification with hydrochloric acid. 


RESULTS AND DISCUSSION 


It is apparent that glutaric acid is rapidly metabolized in normal and 
phlorhizinized rats, since a maximum expiration of radioactive carbon di- 
oxide is attained within 3 hours (Fig. 1) and a total of 65 and 50 per cent, 
respectively, of the fed activity is expired within 24 hours. C assays of 
the total urine show that no significant amount of radioglutarate is elimi- 
nated in the urine (Tables I and II). 

Table I indicates that the excreted glucose contained considerable radio- 
activity and that all significant radioactivity was located in carbon atoms 
sand 4. The fact that the specific activity of these carbons was lower than 


1The authors wish to thank Dr. Morrison Rogosa for donating the bacteria. 
2 Bale, W. F., data to be published. 
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that for the total molecule probably indicates that some dilution occurred 
during the degradative procedure. However, the conclusions are not af- 
fected, since no activity was found by direct examination of the other 
carbon atoms in the form of isolated dimedon derivative of formaldehyde 
(carbon 6), acetaldehyde-2 ,4-dinitrophenylhydrazone from the lactic acid 
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degradation (carbons 1, 2, 5, and 6), and iodoform from acetaldehyde (car- 
bons 1 and 6). 

The well established precursors for glucose labeled in C3 and C4, which 
might conceivably arise from glutaric acid-1,5-C™, are pyruvate, pro- 
plonate, acetate, butyrate, and acetoacetate, all carboxy-labeled. 

A feasible pathway for glutarate breakdown involves its oxidation to 
a-ketoglutarate, followed by participation in the tricarboxylic acid cycle 
eventually to yield carboxy-labeled pyruvate. However, the isolation of 
radioactive acetyl-y-phenyl-L-aminobutyric acid (Table II) precludes this 
possibility, since it is known that pyruvate-1-C™ does not yield radioactive 
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acetate (10). Thus the tricarboxylic acid cycle must be excluded as the 
major metabolic pathway by which glutarate is degraded to carboxy- 
labeled acetate. It is possible that carboxy-labeled pyruvate coexists with 


TABLE 
Degradation of Glucose from Urine of Phlorhizinized Rats 


heniet- lA ctivity | Glucose | Activity of carbon atomst 
ment Fed activity*) | 
No. Dose Activityt 1, 2,33 3,4 1,2,5, 6§ 


mM per cent 


] 17,700 678 | 4.17 | 2.47 | 103 47.5 0.249 
2|| 18,000 1400 | 5.41 | 0.798 | 26.7 | 14.0 | 15.2 | 0.40 
11 


* C4 activity in disintegrations per minute X 10°°. 

t C'* activity in disintegrations per minute per millimole X 1073. 
t Chemical degradation. 

§ Assayed as the 2,4-dinitrophenylhydrazone of acetaldehyde. 

| Diluted 7.6-fold with inert glutaric acid. 


TABLE II 
Radioactivity of Acetate and Acetoacetate from Urine of Phlorhizinized Rats* 
ee | | ——. of | Ketone bodies 
| | acidt | COs} Acetonet 
4 19,000 936 117 | | 
5 18,600 41.0 | (1)§ 
6 18,600 64.3) | 
12.89 
7 18,800 49.8) | (5) 
S 19,000 632 114 29.4), | 
17.89 | 


* The results from a normal rat are as follows: fed, 12,800 X 10° disintegrations 
per minute. Total activity in 24 hour urine, 171 X 10% disintegrations per minute. 
Urea, 21.9 K 103 disintegrations per minute per millimole. 

+ C™ activity in disintegrations per minute X 107°. 

t C4 activity in disintegrations per minute per millimole K 107°. The figures in 
parentheses represent activities too low for accurate assay. 

§ Assayed as the 2,4-dinitrophenylhydrazone of acetone. 

| From acetoacetic acid. 

From 8-hydroxybutyric acid. 


the acetate fragment, the tricarboxylic cycle being an alternate metabolic 
pathway, but we are considering here only the explanation for the 
process by which carboxy-labeled acetate may be formed from glutaric 
acid-1 ,5-C™” 
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Other possibilities for glutarate breakdown are (a) the direct splitting 
of the molecule into a 2- and 3-carbon fragment, (b) its B oxidation to 
acetone dicarboxylic acid followed by decarboxylation to acetoacetate, or 
(c) its direct decarboxylation to butyrate. 

The first of these postulates would require a breakdown of glutarate other 
than through a classical biochemical oxidation. Such oxidation at carbon 
2 would yield not acetate but a-ketoglutarate, which has already been 
discussed. Oxidation at carbon 3 would yield acetone dicarboxylic acid, 
to be discussed below, or, if followed by a break in the molecule, would 
yield, along with acetate, malonic acid or malonic half aldehyde. Both 
are unlikely metabolites. More important, if acetate were formed at this 
stage, the acetoacetate isolated would be expected as a result of acetate 
condensation to have considerable activity in the carbonyl as well as the 
carboxyl group. Evidence for this is found in the recent work of Sanadi 
and Greenberg (11), who fed acetate-1-C™ to phlorhizinized rats and found 
the acetone portion of acetoacetate to be very highly radioactive. How- 
ever, in our work, as shown in Table II, the acetoacetate isolated had 
negligible activity in its acetone fragment. A carboxy-labeled propionate 
fragment may also be eliminated from consideration because it would not 
yield carboxy-labeled acetate (5). Thus a split into a 2- and a 3-carbon 
fragment probably does not occur. 

The hypothetical possibilities which seem best to fit the experimental 
findings are the conversion of glutarate to butyrate by direct decarboxyla- 
tion and the conversion to acetone dicarboxylic acid by 8 oxidation, fol- 
lowed by decarboxylation to acetoacetate. Both pathways would vield 
carboxy-labeled acetoacetate, and thus 3,4-labeled glucose. The isolation 


of acetoacetate labeled only in the carboxyl group supports either possi- _ 


bility. The fact that glutarate is catabolized outside the Krebs cycle 
suggests that it is acted upon by the normal fatty acid enzyme system, 
viz., through 6 oxidation. However, if acetoacetate were a direct meta- 
bolite of glutarate in the pathway, glutarate — acetoacetate — acetate, one 
would expect a higher specific activity in the acetoacetate than in the 
acetate fragment, since it must be formed before the latter. However, 
Table II indicates a specific activity for acetoacetate which is about one- 
third that of the isolated acetate. 

On the other hand, carboxy-labeled butyrate formed by direct decar- 
boxylation of glutarate could be in part converted to acetoacetate-1-C™ 
upon @ oxidation, with the major proportion going directly to acetate, ex- 
plaining why the latter was some 3 times the specific activity of the aceto- 
acetate. Support for this reasoning is given by the work of Medes, Wein- 
house, and Floyd (12), who found that butyrate-1-C", when incubated 
with liver slices, was mostly converted to acetate-1-C". Only a small 
umount of butyrate was oxidized directly to acetoacetate. 
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In short, the pathway of glutarate metabolism best fitting the data 
obtained from these experiments is as follows: 


HOOC"CH:CH:CH:C"OOH — + CH;CH:CH:C“OOH 


CH;C“OOH — 3,4-C'-glucose 


| it 
— CH,CO 


CH.C*OOH 


Whether or not the tricarboxylie acid cycle participates directly in glu- 
tarate metabolism is being investigated. If acetate were the sole precursor 
of the C'! in the glucose molecule, one would assume a much lower isotope 
concentration in the latter. The fact that the activities are of a similar 
order suggests a second source of C'*, possibly carboxy-labeled pyruvate. 


SUMMARY 


1. Glutaric acid-1,5-C™ fed to normal and phlorhizinized rats is rapidly 
metabolized. Isotopic carbon was found to be present in glucose, aceto- 
acetate, and acetate isolated from the urine of phlorhizinized rats. 

2. The position and concentration of the C™ in the above compounds 
lead to the conclusion that glutarate is probably metabolized for the most 
part by decarboxylation to butyric acid followed by conversion to acetate. 
However, conversion of glutarate to acetone dicarboxylate and decarbox- 
ylation of the latter to acetoacetate is another possible pathway which 
cannot be excluded. 
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ENZYMATIC RESOLUTION OF a,y-DIAMINOBUTYRIC ACID 


By SHOU-CHENG J. FU,* KRISHNARAU R. RAO,t SANFORD M. 
BIRNBAUM, anp JESSE P. GREENSTEIN 


(From the National Cancer Institute, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, June 16, 1952) 


A resolution of racemic a,y-diaminobutyric acid into its optical enanti- 
omorphs has not been recorded. The hydrated and neutral oxalate of 
L-a,y-diaminobutyric acid was prepared by Adamson through the action 
of hydrazoic acid on t-glutamic acid, and, after conversion through the 
picrate, L-a ,y-diaminobutyric acid dihydrochloride ({a], = +14.6° in wa- 
ter) was obtained (1). The sesquihydrochlorides of L-a ,y-diaminobutyric 
acid ({a], = +12.7° + 0.3° in water) and of p-a,y-diaminobutyric acid 
((o], = —12.1° + 0.7°) were obtained by Fox and Kobayashi by the 
action of hydrazoic acid on the L and bp enantiomorphs of glutamie acid, 
respectively (2). The reported occurrence of a,y-diaminobutyric acid in 
the antibiotic aerosporin (3) lends a particular interest to this compound. 

We have resolved this amino acid by the general enzymatic procedure 
developed in this laboratory (cf. (4)). a,y-Dichloroacetyl-pL-diaminobu- 
tyric acid was prepared and subjected to the action of hog kidney acylase 
pH 7.5. Like its lower homologue, a, 8-dichloroacetyl-pL-diaminopro- 
pionic acid, this substrate was completely stable in aqueous solutions at 
pH 7.5, but in the presence of the enzyme a measurable evolution of hydro- 
chloric acid occurred (5). In the case of the a,6-substituted compound, 
the liberation of acid was so rapid as to make impracticable the use of this 
compound for the preparation of both enantiomorphs, and the correspond- 
ing a,8-diacetyl derivative was accordingly employed for this purpose.! 
On the other hand, the rate of liberation of hydrochloric acid from a,y- 
dichloroacet yl-pL-diaminobutyric acid was so very slow that this compound 
could be satisfactorily employed for the resolution. 

The principal products yielded by the action of the enzyme were y-chlo- 


* Visiting Scientist. 

+ Rockefeller Fellow; on leave from the Biochemistry Department, Andhra Med- 
ical College, Vizagapatam, India. 

1 The reaction which liberates hydrochloric acid involves the L isomer, for if the 
digest is allowed to stand until the maximal quantity of hydrochloric acid appears, 
no £-chloroacetyl-L-diaminopropionic acid can be isolated, whereas the a,-di- 
chloroacetyl-p-diaminopropionie acid can be isolated from the resolution digest in 
good yield (5). 
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roacetyl-L-diaminobutyric acid and a,y-dichloroacetyl-p-diaminobutyric 
acid. The former compound, when incubated in the absence of enzyme 
in aqueous solution at pH 7.5 and 38°, yielded hydrochloric acid at the 
same rate as did the original digest of a ,y-dichloroacetyl-pL-diaminobutyric 
acid with acylase I under the same conditions of pH and temperature, 
The liberation of acid in the course of the enzymatic digestion of the latter 
compound was therefore not primarily due to an enzymatic action, but 
followed as a spontaneous secondary reaction on the part of one of the 
products. This observation is similar to that made earlier with 6-chloro- 
acetyl-L-diaminopropionic acid, except that with the latter compound the 
rate of evolution of hydrochloric acid was very much faster (5). Neither 
dichloroacetylornithine nor dichloroacetyllysine gave a trace of hydrochlo- 
ric acid when incubated with acylase I (5), which leads to the surmise that 
the liberation of this acid from the lower homologues is probably due to 
some form of spontaneous ring closure involving the w-chloroacetyl-L-amino 
acids.” 

We have isolated the L and bp enantiomorphs of a,y-diaminobutyric 
acid in good yield as the crystalline monohydrochlorides. In the presence 
of excess hydrochloric acid as solvent, the [a], values were +24.2° and 
—24.5°, respectively. The optical data given by previous investigators 
for these compounds were evidently not obtained under conditions which 
would yield maximal values. In this connection, we have redetermined 
the rotation values of our L- and pD-ornithine dihydrochloride preparations 
(4, 6) in the presence of excess hydrochloric acid, obtaining [a], values of 
+18.2° and —18.2°, respectively, compared with the corresponding values 
of +16.5° and —16.5° reported previously for these compounds in water 
under the same conditions of concentration and temperature (cf. (6)). 

We have thus prepared, by substantially the same resolution procedure, 
the pure optical enantiomorphs of the four homologous diamino acids, from 
a,8-diaminopropionic acid to a, e-diaminocaproic acid (lysine) (4, 5). Ad- 
vantage has been taken of the possession of these optically active com- 
pounds and their derivatives to make a comparison of their molecular rota- 
tion values, and of their relative susceptibility to the action of L- and of 
p-amino acid oxidase preparations. 


2 In the case of the 8-chloroacetyl compound, a six-membered ring between the 
8-acyl carbon and a@-nitrogen atoms could conceivably be formed, whereas in the 
case of the y-chloroacetyl compound the analogous ring would contain 7 atoms. 
This difference could account for the considerably different rates of evolution of 
hydrochloric acid which depend upon spontaneous ring closure in the two com- 
pounds. The lack of measurable hydrochloric acid from the comparable 6-chloro- 
acetyl and e-chloroacetyl derivatives of ornithine and of lysine, respectively, could 
similarly be attributed to the difficulty of forming eight- and nine-membered rings. 
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EXPERIMENTAL 


Substrates ,y-Diaminobutyric acid sesquihydrochloride was _pre- 
pared by the method of Carter, Van Abeele, and Rothrock (7). The com- 
pound was treated in chilled 4 N sodium hydroxide solution alternately 
with 3 moles of chloroacetyl chloride and the equivalent amount of 4 N 
sodium hydroxide. After acidification with hydrochloric acid to pH 1.7, 
the mixture was exhaustively extracted with ethyl acetate and the com- 
bined ethyl acetate extracts were dried over anhydrous sodium sulfate and 
evaporated in vacuo to a yellow syrup. The residue was redissolved in a 
little ethyl acetate and precipitated with petroleum ether. After standing 
for several days at —15°, crystallization of the dichloroacetyldiaminobu- 
tyric acid occurred. It was recrystallized as colorless prisms from acetone- 
ether. The vield was 55 per cent of the theoretical; m.p. 128° (corrected). 


CsHy204N2Clo. Calculated. C 35.4, H 4.4, N 10.3, Cl 26.2 
Found. 46, * 10.2, 2.1 


a,e-Diacetyl-pL-lysine was prepared in the same manner as that em- 
ployed for the preparation of a,6-diacetyl-pL-diaminopropionic acid (8). 
The final product was obtained as a syrup. It was extracted with large 
volumes of boiling acetone, the combined extracts were filtered, and the 
filtrate was evaporated in vacuo to a mass of yellow crystals to which a 
small amount of gummy substance adhered. Both color and gum were 
removed by washing the crystalline residue with a little chilled alcohol. 
The colorless mass was recrystallized from a large volume of boiling ace- 
tone. After evaporation of half the volume of solvent, the remainder was 
chilled, and the diacetyllysine crystallized in the form of short needles. 
The yield was about 16 per cent of the theoretical; m.p. 141° (corrected). 


Calculated. C 52.2, H 7.8, N 12.1 


L-a,y-Diaminobutyric Acid—a ,y-Dichloroacet vl-pL-diaminobutyric acid 
was hydrolyzed under the usual conditions (ef. (4)) by crude hog kidney 
homogenate at a rate of 2.6 um per hour per mg. of N, and by acylase I 
at a corresponding rate of 60. These rates were much lower than those 
noted for dichloroacetyldiaminopropionic acid, dichloroacetylornithine, and 
dichloroacetyllysine (4). 0.078 mole of the compound was dissolved in 
700 ml. of water and the solution was brought to pH 7.5 by addition of 2.x 
lithium hydroxide. After dilution to 780 ml., 1 gm. of acylase I powder 
was dissolved in the solution. The mixture was treated with a few drops 
of phenol red and placed in a bath at 38°. Shortly thereafter a progressive 
but slow decrease in pH set in, and tests for chloride ion in the digest were 
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positive. A few drops of dilute lithium hydroxide solution were added 
occasionally to restore the pH to 7.5. After 6 hours of digestion a deter- 
mination on an aliquot by the Van Slyke manometric ninhydrin procedure 
revealed that the substrate was hydrolyzed to the extent of 50 per cent. 
The digest was allowed to stand 12 hours longer at 38° to insure completion 
of the digestion, but the extent of hydrolysis of the substrate remained 
unchanged. Acetic acid was added to pH 5, and the protein was filtered 
off with the aid of Norit. Fuiltrate and washings amounted to 800 ml. 1 
ml. of this solution contained 88 y of chloride or a total chloride of 704 
mg. in the entire volume. The total amount of chlorine in the y-chloro- 
acetyl-L component was 1384.5 mg. ‘The ptosis chloride thus amounted 
to 5 per cent of that available. 

The digest was evaporated in vacuo to 100 ml. and filtered again from 
a small amount of protein. The filtrate was evaporated to 50 ml., and 
treated with absolute alcohol to 80 per cent. The crystalline precipitate 
which appeared was y-chloroacetyl-L-diaminobutyric acid. It was filtered 
and washed several times with alcohol. The combined mother liquor and 
washings were set aside. They contained the a,y-dichloroacetyl-p-diami- 
nobutyric acid, some unprecipitated y-chloroacetyl-L-diaminobutyric acid, 
and presumably the small amount of the product remaining after the lib- 
eration of hydrochloric acid from the y-chloroacet yl-L-diaminobutyric acid. 

The precipitate of y-chloroacetyl-L-diaminobutyric acid was recrystal- 
lized from water-alcohol by the aid of Norit and separated in the form of 
large prisms. The yield was 72 per cent of the theoretical. [a], for a 2 
per cent solution in 5 N HCl at 25° = +24.0°. (CsHnO3NeCl. Calculated, 
N 14.4, Cl 18.2; found, N 14.3, Cl 18.2.) 

46.1 mg. of y-chloroacetyl-L-diaminobutyric acid were dissolved in 4 ml. 
of water and brought to pH 7.5 with added alkali. Water was added to 
bring the volume to 5 ml. and 1 ml. was immediately removed for chloride 
analysis. The aliquot was completely chloride-free. | On standing at 38°, 
the solution slowly became acid and was restored to pH 7.5 by occasional 
addition of alkali. After 18 hours at this temperature, 80 y of chloride 
were present in 1 ml. of the solution. ‘This is 5 per cent of that theoreti- 
eally available. Thus, under substantially the same experimental condi- 
tions in the same time interval, y-chloroacet yl-L-diaminobutyric acid in the 
absence of the enzyme yielded the same amount of chloride as did a,y7- 
dichloroacetyl-pL-diaminobutyric acid in the presence of the enzyme. The 
latter compound, in aqueous solution at pH 7.5 and 38° and in the absence 
of the enzyme, yielded no chloride at all. 

4 gm. of y-chloroacetyl-L-diaminobutyric acid were refluxed for 2 hours 
with 100 ml. of 2 nN HCl. The hot solution was treated with Norit, and 
the filtrate evaporated in vacuo to a yellow syrup. The residue was dis- 
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solved in a little water and treated with freshly distilled aniline to pH 5. 
Absolute alcohol was added to 80 per cent, and the precipitate of L-a,y- 
diaminopropionic acid monohydrochloride was filtered and washed with 
alcohol. The compound was recrystallized by adding hot alcohol to the 
hot aqueous solution until a faint turbidity was reached. The glistening, 
prismatic crystals appeared in nearly quantitative yield. [a], for a 2 per 
cent solution in 5 N HCl at 25° = +24.2°. 


Caleulated. C 31.1, 


1 18.1 


p-a,y-Diaminobulyric Acid—The combined mother liquor and washings 
mentioned above were evaporated in vacuo to dryness, the residue was 
taken up in about 50 ml. of water, and the solution was treated with con- 
centrated hydrochloric acid to pH 1.7. The a,y-dichloroacet yl-p-diamino- 
butyric acid was extracted with several portions of ethyl acetate, the com- 
bined extracts were dried over anhydrous sodium sulfate, and the solvent 
was distilled. The residue was a viscous yellow syrup. It was dissolved 
in a little dry acetone, filtered, and the filtrate treated with an excess of 
petroleum ether. ‘Two repetitions of this procedure yielded a crystalline 
product. ‘The yield was 58 per cent of the theoretical, based upon the 
amount of dichloroacetyl-pL-diaminobutyric acid originally taken; m.p. 
110° (corrected). For a 2 per cent solution in absolute aleohol at 25°, 
la], = +5.5°.% Found, n 10.1. 

4 gm. of a,y-dichloroacetyl-p-diaminobutyric acid were refluxed with 
100 ml. of 2 N HCI for 3 hours and b-e,y-diaminobutyric acid monohydro- 
chloride was isolated in the same way as described for the L enantiomorph. 
Again, glistening prisms were obtained in nearly quantitative yield. For 
a 2 per cent solution in 5 N HCl at 25°, [a], = —24.5°. Found, C 31.1, 
H 7.2, N 17.9, Cl 22.9. 

As noted below, the rates of oxidation of the L and bp isomers of a,y- 
diaminobutyric acid by L- and by p-amino acid oxidase preparations, re- 
spectively, were too low to test the optical purity of the preparations with 
the sensitivity employed in the routine procedure of this Laboratory (9, 
10). 

e-Acetyl-L-lysine—This compound has been prepared by Neuberger and 
Sanger by treating the copper salt of L-lysine with acetic anhydride (11). 
We have isolated e-acetyl-L-lysine from the digestion mixture of a, e-diace- 
tyl-pL-lysine with acylase I in the usual manner (ef. (12)). The a, e-diace- 


* The direction of optical rotation of this compound is positive, unlike that of its 
homologues, a,8-dichloroacetyl-p-diaminopropionie acid, 
nithine, and a,e-dichloroacetyl-p-lysine, which is negative (4, 5). All four p com- 
pounds are completely resistant to acylase I (1 mg. of enzyme N over a 24 
hour period at 38° with 25 um of substrate at pH 7.0). 
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tvllysine was hydrolyzed by the enzyme at a rate of 70 um per hour per 
mg. of N, or about half that of the corresponding dichloroacety! derivative 
(4). e-Acetyl-L-lysine was isolated from the digest and crystallized twice 
from water-alcohol as glistening prisms. ‘The yield was 68 per cent of the 
theoretical. [a], for a 2 per cent solution in 5 N HCl at 25° = +22.5°, 
The [a], for e-chloroacetyl-L-lysine was +19.8° under the same conditions 


(4). 


TABLeE 


Optical Properties of Homologous Diamino Acids and Derivatives 


| Diamino acid as free base* | 


Diamino acid Molec- | Molec- re 

Lisomer, |p isomer, | ular | ular | mer,} falp 

rota- rota- 
tion§ tion 

a,8-Diaminopropionic acid..... +34.0  —34.0 | 3536  —19.0]| | —5.0 
a,y-Diaminobutyrie acid...... +31.7 | —32.1 | 3765 | +24.0 4668 +5.5 
a,6-Diaminovaleric ...... +28.49 | —28.49 | 3749 | +20.6 | 4295 | —15.1 
a,e-Diaminocaproic ‘“ ...... | +26.0 —25.9 | 3789 | +19.8** | 4406 —10.0 


* 2 per cent solutions of the hydrochloric acid salts in 5 N HCl at 23-27°. 

+ 2 per cent solutions in 5 N HCl at 23-27°. 

{2 per cent solutions in absolute ethanol. 

§ Average of absolute values of molecular rotations of corresponding L and pb 
isomers. 

| [a]p for corresponding acetyl derivative = —42.5°. 

€ The optical rotation of ornithine dihydrochloride has usually been determined 
on water solutions (cf. (6, 13)). In 5 ~ HCl solutions, the rotation values are sub- 
stantially higher; namely, +18.2° for the 1 and —18.2° for the p isomer. 

** la|p for corresponding acetyl derivative = +22.5°. 


C.H,,O;Ne. Calculated. C 51.1, H 8.5, N 14.9 
Found. “ 51.1, “ 8.6, “ 15.0 


Molecular Rotation Values of Homologous Diamino Acids and w-Acyl-L 
!somers ‘The collected optical properties of the homologous series of di- 
amino acids and their derivatives (4, 5) are given in Table I. The four 
diamino acids have nearly the same molecular rotation values as have the 
three higher members of the series of w-chloroacetyl-L-amino acids. 

Susceptibility of Homologous Diamino Acids and Their w-Acyl Derivatives 
to Action of Amino Acid Oxidases—With amounts of cobra (14) and viper 
(Aspis) (15) venom which readily oxidize L-methionine and L-leucine, the 
diamino acids L-ornithine and L-lysine are not affected. Both diamino 
acids, however, are oxidized by the L-amino acid oxidase of certain strains 
of Neurospora (14, 16). 
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We have employed relatively large amounts of venom from three species 
of snakes with the L isomers of the homologous series of diamino acids and 
noted that, although none of the substrates was affected by cobra (Naja 
naja) venom, all of them were oxidized at appreciable rates by rattlesnake 


Il 
Susceptibility to Amino Acid Oxidases 


Rate of oxidation of* 


isomer 
L isomer by venoms of ‘ 


Substrate 
Viper? Cobra§ | ney 

a,8-Diaminopropionic 0.1 0.2 0.0 2.7 
a,y-Diaminobutyric acid...................... 0.2 0.3 0.0 0.7 
a,6-Diaminovaleric (ornithine)... 0.3 0.9 0.0 1.6 
a,e-Diaminocaproic (lysine).......... 0.4 1.0 0.0 0.0 
s-Acetyldiaminopropionic acid............... 0.9 | | Cs 
y-Chloroacetyldiaminobutyrie acid 37.7 | 101.8 3.3 
§-Chloroacetyldiaminovalerie 51.5 | 152.8 5.0 
eChloroacetyldiaminoeaproic ........... «68.3 174.6 13.3 
acid. ................ 65.1 203.6 6.4 


* In terms of micromoles, oxygen consumed per hour per mg. of N. Test vessels 
for D-amino acid oxidase susceptibility contained 1 ml. of pyrophosphate buffer 
at pH 8.2, 10 um of substrate in 1 ml. of solution, and 0.4 ml. of oxidase solution. 
Test vessels for L-amino acid oxidase susceptability contained 1 ml. of phosphate 
buffer, pH 7.2, 10 um of substrate in 1 ml. of solution, 0.1 ml. of catalase solution 
(approximately 0.6 unit), and 0.3 ml. of venom solution. 60 mg. of each venom used 
per vessel for free L-amino acids, 5 mg. of each venom used per vessel for the w-acyl- 
L-amino acids. Extra vessels containing methionine were used to test activity of 
each oxidase preparation. KOH in center well. Temperature 38°. 

t Crotalus adamanteus (rate with L-methionine = 88), Ross Allen’s Reptile Insti- 
tute, Silver Springs, Florida. 

t Bothrops jararaca (rate with t-methionine = 247), Instituto Butantan, Sao 
Paulo, Brazil. 

§ Naja naja (rate with L-methionine = 24), Hynson, Westcott and Dunning, 
Baltimore, Maryland. 

| Rate with p-methionine = 13. 


(Crotalus adamanteus) and by viper (Bothrops jararaca) venoms (‘Table II). 
L-Lysine and L-ornithine were oxidized at a faster rate than were L-a,y- 
diaminobutyric acid or L-a,8-diaminopropionic acid. The rates were de- 
termined at 10 to 30 per cent oxidation of the compounds. In the case 
of L-lysine and L-ornithine, the reaction was allowed to continue until the 
theoretical amount of oxygen had been consumed. With viper venom, this 
required approximately 6 hours. Ammonia determinations on the contents 
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of the vessels after this period were somewhat irregular, but showed the 
presence of about 6 uM of ammonia N per vessel out of a theoretical of 10, 
Under the same conditions, the viper venom appeared to be more active 
than that of the rattlesnake. 

e-Benzoyllysine is enzymatically oxidized under conditions in which ly- 
sine itself is inert (17, 18). The data in Table II show that the w-acylated- 
L-diamino acids were oxidized by the venoms at rates considerably greater 
than those of the free L-diamino acids. $-Acetyl-L-diaminopropionic acid 
was oxidized by the rattlesnake and viper venoms at a markedly slower 
rate than for the higher members of the homologous series; with cobra 
venom it was not oxidized at all. Again, in all cases, the viper venom was 
more active than that of the rattlesnake, which in turn was more active 
than that of the cobra. 

In contrast with the relatively weak susceptibility of L-a,8-diaminopro- 
pionic acid to snake venom L-amino acid oxidase is the fact that its p 
isomer was the most rapidly oxidized of the homologous series of D-diamino 
acids by hog kidney p-amino acid oxidase (Table IT) (5). The next most 
susceptible was p-ornithine, followed by p-a,y-diaminobutyric acid.4 The 
inertness of D-lysine is a familiar observation (ef. (14, 17)). 


Elemental analyses were performed by R. J. Koegel and staff of this 
Laboratory. 


SUMMARY 


1. a,y-Dichloroacetyl-pL-diaminobutyric acid was synthesized and di- 
gested at pH 7.5 with hog kidney acylase I. The principal products iso- 
lated were y-chloroacetyl-L-diaminobutyric acid ([a], =‘'+24.0°) and a,7- 
dichloroacetyl-p-diaminobutyric acid ([a], = +5.5°). A negligibly small 
amount of hydrochloric acid appeared during the digestion, of the same 
order of magnitude as that obtained by incubating y-chloroacety]-L-diami- 
nobutyric acid at pH 7.5 for the same period in the absence of the enzyme. 

2. Hydrolysis with hydrochloric acid of the two products yielded, respec- 
tively, L-a,y-diaminobutyric acid-HC1 ([a], = +24.2°) and p-a,y-diami- 
nobutyric acid- HCI ({a], = —24.5°). This is the first recorded resolution 
of racemic @,y-diaminobutyric acid into its optical enantiomorphs. 

3. The isolation of e-acetyl-L-lysine from the enzymatic digest of a,e- 
diacetyl-pL-lysine with acylase is described. 


4 Although the rate of oxidation of 10 um of p-ornithine by the hog kidney p-amino 
acid oxidase preparation was appreciable, it was not possible, under the same con- 
ditions, to detect the oxidation of 1 um of p-ornithine in the presence of 1000 um of 
the Lenantiomorph. It was therefore not possible to test the optical purity of the 
latter compound with the customary sensitivity (cf. (5, 9, 10)). 
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4. The molecular rotations in excess hydrochloric acid were calculated 
for the optical enantiomorphs of @,6-diaminopropionic acid, @,y-diamino- 
butyric acid, a@,6-diaminovaleric acid (ornithine), and a, e-diaminocaproic 
acid (lysine), and for their w-chloroacetyl-L isomers. The four diamino 
acids have nearly the same values as have the three higher members of the 
series of w-chloroacetyl-L-amino acids. 

5. Relatively large amounts of rattlesnake (Crotalus adamanteus) and 
viper (Bothrops jararaca) venoms readily oxidized the L isomers of a,{- 
diaminopropionic acid, a,y-diaminobutyric acid, ornithine, and lysine, the 
last two compounds at a notably faster rate than the former two. Cobra 
(Naja naja) venom was apparently ineffective toward all four compounds. 
The viper venom was much more active than that of the rattlesnake. 
w-Acylated-L-diamino acids of the homologous series were oxidized by the 
snake venoms at a much faster rate than the free L-diamino acids. Of the 
four homologous p-diamino acids, a ,8-diaminopropionic acid was most rap- 
idly oxidized by hog kidney p-amino acid oxidase, followed by ornithine, 
and then by a,y-diaminobutyrie acid; p-lysine was completely inert. 
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TRANSFRUCTOSIDATION REACTIONS OF AN ENZYME OF 
ASPERGILLUS ORYZAE 


By JOHN H. PAZUR 


(From the Department of Biological Chemistry, University of Lilinois College of 
Medicine, Chicago, Illinois) 


(Received for publication, May 5, 1952) 


A preliminary report on transfructosidase, a carbohydrate-transferring 
enzyme of Aspergillus oryzae, has been published from this laboratory (1). 
The enzyme is capable of transferring fructosyl units of sucrose or raffinose 
to a number of fructosyl compounds functioning as cosubstrates in the 
reactions. New oligosaccharides composed of glucose, fructose, or galactose 
units are synthesized, depending on the chemical nature of the cosubstrate 
used. 

Recently enzyme preparations from yeast cells (2, 3) and from plant 
material (4) have been shown to possess carbohydrate-transferring activity. 
Bacon and Edelman (2) and Blanchard and Albon (3) observed the forma- 
tion of new tri- and tetrasaccharides during the action of yeast invertase on 
sucrose. Similar oligosaccharides were produced from sucrose and inulin 
by an enzyme extract from artichoke tubers (4). By dialysis and high 
speed centrifugation of the artichoke extracts, Edelman and Bacon (4) 
obtained two fractions with enzyme activity, one containing a transferring 
enzyme similar to transfructosidase and the other a hydrolyzing enzyme, 
probably invertase. 

In our laboratory transfructosidase has been separated from other en- 
zymes of the mold A. oryzae by chromatographic and heat inactivation 
procedures. Studies on the mechanism of action of the new enzyme have 
been conducted. The substrate specificity range of transfructosidase has 
been investigated with the view of utilizing the enzyme for the synthesis of 
new oligosaccharides. 


Methods and Results 


Preparation of Enzyme—An enzyme concentrate prepared from the mold 
A. oryzae by alcohol precipitation methods was kindly supplied by the 
Takamine Laboratories.' The amylolytic enzymes in the concentrate were 
removed by adsorption on starch, as previously described (5). The filtrate 
contained the transferring enzymes, transfructosidase and transglucosidase, 
the hydrolytic enzymes, invertase and maltase, and possibly still unidenti- 
fied enzymes. 


Takamine Laboratories, Clifton, New Jersey. 
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2 ml. of this filtrate were forced onto a 25 & 2.2 em. column of starch- 
Celite? (2:1). The column was developed with water. 1 ml. aliquots of 
the eluate were collected into separate test-tubes from the beginning of 
development of this column and until all of the ninhydrin-positive com- 
pounds had been eluted. The ninhydrin-positive compounds appeared in 
the eluate from the 12 to the 31 ml. aliquots. 

The transfructosidase and transglucosidase activities were determined in 
these portions of the eluate. The transfructosidase series of assay tubes 
contained 0.1 ml. of 5 per cent sucrose solution and 0.1 ml. of the eluate. 
The transglucosidase series contained 0.1 ml. of 5 per cent maltose solution 
and 0.1 ml. of the eluate. Enzyme action was allowed to proceed for 18 
hours at room temperature. At the end of this time samples of 0.02 ml. 
from each assay tube were introduced on paper chromatograms. The 
chromatograms were developed in an n-butanol-pyridine-water (6:4:3) 
solvent system. The dried chromatogram of the transfructosidase series 
was sprayed with a phloroglucinol reagent (0.1 per cent solution of phloro- 
glucinol in 0.1 N hydrochloric acid), while that of the transglucosidase 
series was sprayed with a copper reagent followed by phosphomolybdic 
acid reagent (6). The transfructosidase and transglucosidase activities in 
the eluate portions were estimated from the amount of synthesized 
saccharides on the paper chromatograms. The units for transfructosidase 
and transglucosidase activity are not yet defined. 

The highest transfructosidase activities were found in the 13, 14, 15, and 
16 ml. portions of the eluate. Of these portions, only the 16 ml. aliquot 
showed any transglucosidase activity. Consequently the eluates from the 
13, 14, and 15 ml. portions were combined and used as the source of trans- 
fructosidase in most of the experiments reported. 

Another procedure for separating transfructosidase from transglucosidase 
is based on the difference in stability of the two enzymes at elevated 
temperatures. Whereas transglucosidase is completely inactivated by tem- 
peratures of 55-60°, transfructosidase remains essentially unaffected. 200 
ml. of a 1 per cent solution of the A. oryzae concentrate were prepared and 
divided into two equal portions. One portion was kept in a constant 
temperature bath of 55° for 15 minutes. The other portion was maintained 
at room temperature and served as a control. Aliquots of the two portions 
were assayed for transglucosidase and transfructosidase activity as follows. 
1 ml. samples from each portion were added to 1 ml. of maltose solution 
(5 per cent) and to 1 ml. of sucrose solution (5 per cent). Aliquots were 
removed at 0, 1, 2, 4, 8, and 24 hour periods and analyzed for synthesized 
oligosaccharides by paper chromatography. Examination of the paper 
chromatograms showed that the control sample contained both transglu- 


2 Celite No. 535, supplied by Johns-Manville, New York. 
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cosidase and transfructosidase, while the heat-treated sample contained 
only transfructosidase. The latter sample was used for preparing large 
scale digests from which the reaction products were isolated and charac- 
terized. 

Action on Sucrose—Preliminary experiments showed that, when the 
transfructosidase of A. oryzae was incubated with sucrose, two new non- 
reducing oligosaccharides were produced. The apparent Rr values’ of the 
new oligosaccharides are lower than that of sucrose (see Table I). In order 
to obtain sufficient material for isolation purposes, the following digest was 
prepared. 20 gm. of sucrose in 360 ml. of water were mixed with 40 ml. 


FR =. @ 


1BG 
1TG 


6 12 24 48 
TIME IN HOURS 
Fig. 1. A paper chromatogram of the carbohydrates in a sucrose digest. FR, 


fructose, SU, sucrose, 7BG, Compound I (1-inulobiosyl-p-glucose), ITG, Compound 
II (1-inulotriosyl-p-glucose). 


of transfructosidase. The mixture was layered with toluene and allowed 
to stand at room temperature. 1 ml. samples were removed from the 
digest at 0, 6, 12, 24, and 48 hours. The enzyme in the aliquots was 
inactivated by heat. A paper chromatogram of these samples (Fig. 1) 
revealed the progressive composition of the digest. At the end of 48 
hours the digest was heated to boiling to stop enzyme action. The aqueous 
layer was separated from the toluene by means of a separatory funnel and 
taken to dryness in vacuo. The resulting solid residue was dissolved in 20 
ml. of water. The saccharides in this solution were separated by large 
scale filter paper chromatography (5). The carbohydrate regions on the 

3Since multiple ascent chromatography (6) was employed, apparent Rr values 


are recorded. The apparent Ry value represents the fraction of the total height 
of the paper climbed by the individual compounds. 
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paper were located by spraying marker strips from the chromatograms with 
the phloroglucinol reagent (0.1 per cent solution of phloroglucinol in 0.1 x 
hydrochloric acid). Reducing and non-reducing fructosyl compounds show 
up as brown spots when sprayed with this reagent and heated at 100° for 
5 minutes. 

The two new oligosaccharides, Compounds I and II, were extracted from 
the paper chromatograms with water. The individual extracts were con- 
centrated in vacuo to a syrup and precipitated with absolute ethyl alcohol. 
The products were rubbed under acetone to a coarse powder, filtered, and 
washed with n-butanol. Finally, the compounds were dried in vacuo at 
70° to constant weight. 

From the sucrose digest 1.2 gm. of Compound I and 0.8 gm. of Compound 
II were obtained. The specific rotations of the new compounds are +17° 
(c 1.3, water) for Compound I, and —2° (e¢ 1.3, water) for Compound II. 
The characteristic mobility of these compounds on paper chromatograms 
indicated a trisaccharide and a tetrasaccharide structure. Analysis of the 
oligosaccharides for fructose by the method of Roe (7) showed that 0.197 
mg. of Compound I contained 0.136 mg. of fructose, and 0.200 mg. of 
Compound II contained 0.159 mg. of fructose. The theoretical fructose 
values of corresponding amounts of a trisaccharide (fructose-fructose-glu- 
cose) and of a tetrasaccharide (fructose-fructose-fructose-glucose) are 0.141 
mg. and 0.162 mg. respectively. Our values are in agreement with these 
figures. 

Evidence for the arrangement of the monosaccharide units in the new 
oligosaccharides was obtained from the identification of the products pro- 
duced on partial acid hydrolysis of the pure compounds. Controlled acid 
hydrolysis in 0.005 nN hydrochloric acid at 80° for 30 minutes yielded the 
products listed in Table I. Prolonged acid hydrolysis, as expected, con- 
verted the oligosaccharides completely into glucose and fructose. The 
apparent Fy values of several reference compounds and of the hydrolytic 
products are shown in Table I. The reference compounds, inulobiose and 
inulotriose, were obtained from an inulin series of saccharides prepared by 
partial acid hydrolysis of inulin. 

From the foregoing considerations the arrangement of the monosaccha- 
ride units in the new compounds appears to be fructose-(2 , 1)-fructose-(2, 1)- 
glucose for Compound I, and fructose-(2, 1)-fructose-(2 , 1)-fructose-(2 ,1)- 
glucose for Compound II. The tentative names proposed for the new 
oligosaccharides are 1-inulobiosyl-p-glucose for the trisaccharide and 1- 
inulotriosyl-p-glucose for the homologous tetrasaccharide. 

Action on Raffinose—As the trisaccharide raffinose possesses a sucrosy] 
moiety, experiments were performed with raffinose as a substrate for the 
enzyme. 0.5 ml. of raffinose solution (5 per cent) was mixed with 0.5 ml. 
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of transfructosidase solution. Samples of 0.1 ml. were removed at 0, 1, 2, 
4,8, and 24 hours, inactivated by heat, and examined for reaction products. 
New oligosaccharides (Fig. 2) were synthesized in the digest. 

Action on C%-Sucrose' and Raffinose—5 mg. of raffinose and 5 mg. of C'- 
sucrose (total activity 10,000 ¢e.p.m.) were dissolved in 0.2 ml. of trans- 
fructosidase solution. Samples of 0.02 ml. of the digest were placed on 
three separate chromatograms immediately after addition of the enzyme 
and after a 15 hour reaction period. The chromatograms were developed 
in the butanol-pyridine-water solvent system. One chromatogram was 
sprayed with the phloroglucinol reagent to locate the compounds in the 
digest. The radioactivity of the individual compounds was determined in 


TABLE I 


Apparent Ry Values of Products of Partial Acid Hydrolysis of Compound I 
(Inulobiosyl-p-glucose) and Compound II (Inulotriosyl-pv-glucose) 


Hydrolytic products 


Compound I Compound II 

(inulobiosyl- (inulotriosyl- 
-:p-glucose) D-glucose) 

Compound I (inulobiosyl-p-glucose)........ 0.46 | 0.47 0.47 


Compound II (inulotriosyl-p-glucose)....... 0.35 | | 0.35 


a conventional counting apparatus (nuclear scaler model No. 161). These 
values are recorded in Table IT. 

The second and third chromatograms were placed in contact with Kodak 
No-Screen x-ray film for 12 days. The radioactive components in the 
digest appeared as black spots on the developed film. A photograph of a 
paper chromatogram and its radioautograph is reproduced in Fig. 2. 

The radioactive fructosylraffinose on the third chromatogram was ex- 
tracted with water and taken to dryness zn vacuo. The amorphous fructos- 
ylraffinose was dissolved in 0.1 ml. of 0.05 N hydrochloric acid and heated 
ina sealed test-tube at 80° for 45 minutes. This mild acid treatment 
hydrolyzed the tetrasaccharide into fructose and melibiose. A 0.05 ml. 
sample of the hydrolysate was chromatographed in the usual manner. 


*The radioactive sucrose labeled equally in the fructose and glucose moieties 
(8) was made available by Dr. 8S. Aronoff, Botany Division, Institute for Atomic 
Research, Ames, Iowa. 
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TABLE II 
Radioactivity of Compounds in Digest of C'*-Sucrose and Raffinose 

Compound | 0 hr.* | 15 hrs. 

| c.p.m. | c.p.m. 

40 | 420 
Inulobiosyl-p-glucose....................... 30 | 152 
Inulotriosyl-p-glucose...................... 5 118 
| 6 103 


* By the time the first sample was removed from the digest, some enzyme action 
had occurred, as shown by the values in this column. 

+t Fructose and melibiose were obtained by the acid hydrolysis of the fructosyl- 
raffinose, as described in the experimental methods. 


FR 
GL 


SU 


IBG 


ITG 
RA 


FRA 


A 
15 I5 
TIME IN HOURS 
Fra. 2. A paper chromatogram (4) and a radioautograph (B) of the products 
in a C'-sucrose-raffinose digest. FR, fructose, GL, glucose, SU, sucrose, IBG, 
Compound I (1-inulobiosyl-p-glucose), 77G, Compound IT (1-inulotriosyl-p-glucose), 
RA, raffinose, FRA, fructosylraffinose. 
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The developed paper chromatogram was sprayed first with phloroglucinol 
reagent to locate the fructose and then with copper and phosphomolybdic 
acid reagents to locate the melibiose. The fructose and melibiose spots 
were cut from the paper. The radioactivity of these compounds was deter- 
mined. Since the fructose and melibiose represented only half of the origi- 
nal fructosylraffinose, the number of counts was multiplied by 2 in order 
that the values in Table LI be comparable. 

Action on Sucrose and Raffinose in Presence of Fructose-—Two digests 
were prepared to test the possibility that fructose functions as a cosubstrate 
for the enzyme. In the first, 2 mg. of sucrose and 2 mg. of C'!-fructose 
(total activity 30,000 c.p.m.) were dissolved in 0.1 ml. of enzyme solution. 
After 18 hours the reaction was stopped by heat and 0.02 ml. of the digest 
was chromatographed. In the digest there was produced a new reducing 
fructosyl compound. The total radioactivity in the compound was 1000 
cp.m. Of the original radioactive fructose, approximately 3 per cent ap- 
peared in the new compound. 

In the second digest 50 mg. of raffinose and 50 mg. of fructose were 
dissolved in | ml. of enzyme. Samples were removed at 0, 1, 2, 4, 8, and 
24 hours. Two chromatograms of these aliquots were obtained. One 
chromatogram was sprayed with reagents for reducing sugars and the other 
with phloroglucinol reagent. The sprayed chromatograms revealed the 
presence of a reducing fructosyl compound. Identical Ry values were 
obtained for the reducing compounds from the two digests and for inulo- 
biose. The new compound in the raffinose digest was isolated by paper 
chromatography. It was hydrolyzed in 0.1 N hydrochloric acid. <A chro- 
matogram of the hydrolysate showed that fructose was the sole monosac- 
charide constituent of the compound. 

Action on Turanose® and Melezitose—Digests of 10 mg. of turanose and 
0.5 ml. of enzyme and 10 mg. of melezitose and 0.5 ml. of enzyme were 
prepared. Samples of 0.1 ml. from these digests were removed at 0, 3, 6, 
and 24 hour periods, immediately heated to inactivate the enzyme, and 
later analyzed by paper chromatography. 

To determine whether the enzyme could transfer fructosyl units of 
sucrose to turanose or melezitose, the following experiments were per- 
formed. 10 mg. of sucrose and 10 mg. of turanose or melezitose in 0.5 
ml. of water were mixed with 0.5 ml. of transfructosidase. Aliquots of 
0.2 ml. were removed at 0, 3, 6, and 24 hours, and treated as above. The 
aliquots were examined for both reducing and fructosyl oligosaccharides. 

Action on Inulin—As inulin functions as a substrate for the transfruc- 
tosidase of the artichoke (4), the action of the transfructosidase of A. 
oryzae was tested on this compound. Two digests were prepared. The 


*The turanose was kindly supplied by Dr. N. Richtmyer, National Institutes of 
Health, Bethesda, Maryland. 
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first digest contained 0.5 ml. of inulin solution (5 per cent) and 0.5 ml, of 
enzyme; the second, 0.5 ml. of inulin solution (5 per cent), 25 mg. of 
fructose, and 0.5 ml. of enzyme. The digests were analyzed by the methods 
of the previous sections. Results of the analyses showed that the trans. 
fructosidase of A. oryzae does not act on inulin or on a mixture of inulin 
and fructose. 

DISCUSSION 

The studies with labeled substrates conclusively demonstrated that an 
enzyme capable of transferring fructosyl units is produced by the mold 
A. oryzae. In the tracer experiments the C'!-fructosyl units of radioactive 
sucrose were transferred to a non-radioactive cosubstrate raffinose. Hy- 
drolysis of the radioactive fructosylraffinose into fructose and melibiose, 
followed by a determination of the radioactivity of the hydrolytic products, 
showed that only the fructose was radioactive (Table II). The mode of 
action of the enzyme is shown to be a transfer of fructosyl units. The 
name transfructosidase is appropriate for the enzyme. 

Transfructosidase acting on sucrose synthesized two new oligosaccha- 
rides. Preliminary structural studies indicate that the new compounds 
are a trisaccharide, 1-inulobiosyl-p-glucose, and a tetrasaccharide, 1-inu- 
lotriosyl-p-glucose. These compounds possess the structural features of 
sucrose and of inulobiose, the constituent disaccharide unit of inulin. They 
add to our list of oligosaccharides which are available for studying the 
specificity requirements of the carbohydrase group of enzymes. In Fig. |, 
the rate of production of these compounds in a typical digest is shown. 
The trisaccharide is the first compound to be synthesized. The tetrasac- 
charide appears later when the trisaccharide is present in sufficient concen- 
tration to function as a cosubstrate. . During the course of enzyme action 
fructose is liberated in low concentrations. The liberation of this mono- 
saccharide may be attributed either to transfructosidase or to residual 
hydrolytic enzymes in the A. oryzae preparation. 

From raffinose the transfructosidase produced a new non-reducing tetra- 
saccharide, fructosylraffinose, and a pentasaccharide of unknown constitu- 
tion. Melibiose was also liberated in this reaction. The enzyme 
was without action on turanose, melezitose, or inulin. Evidently, it can 
transfer only terminal fructose units of compounds with sucrosyl moieties. 

The enzymatic digests of sucrose and turanose and of sucrose and 
melezitose contained only the disproportionation products of sucrose. 
Neither turanose nor melezitose functions as an acceptor molecule for 
transfructosidation reactions. Fructose, however, does function as an ac- 
ceptor molecule for the enzyme, as a new reducing disaccharide was synthe- 
sized in the digests of sucrose and fructose and of raffinose and fructose. 

The action of the transfructosidase of A. oryzae differs from that of the 
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transfructosidase of artichoke extracts characterized by Edelman and Bacon 
(4). The main differences appear in the substrate specificity of the two 
enzymes. Sucrose and raffinose function as substrates for the A. oryzae 
enzyme but not for the artichoke enzyme. On the other hand, inulin 
functions as a substrate for the artichoke enzyme but not for the A. oryzae 
enzyme. Minor differences also exist in the cosubstrate requirements of 
the two enzymes; e.g., melezitose for artichoke transfructosidase, and in- 
ulobiosyl-p-glucose for the A. oryzae transfructosidase. 

The mode of action of transfructosidase can be represented by a two-step 
mechanism. Step 1 of the mechanism involves the collision of the enzyme 
and substrate molecules, the formation of a relatively stable fructosy]- 
enzyme complex (I'r-E), and the liberation of either glucose or melibiose. 
Step 2 involves the approach of the fructosyl-enzyme complex to an appro- 


Step 1. Fr—Gl +E — Fr-E + Gl 
Fr—Gl—Ga + E. — Fr-E + Gl—Ga 

Step 2. Fr-E + Fr—Gl — Fr—Fr—Gl + E 
Fr-E + Fr—Fr—Gl — Fr—Fr—Fr—Gl + E 
Fr-k + Fr—Gl—Ga — Fr—Fr—GIl—Ga + E 
Fr-Ie + Fr — Fr—Fr + BK 


priately oriented cosubstrate molecule, the transfer of the fructose unit 
to the cosubstrate, and the dissociation of the new oligosaccharide from 
the complex. ‘The two-step mechanism for the known transfructosidation 
reactions is shown in the accompanying equations. Fr, Gl, and Ga repre- 
sent fructose, glucose, and galactose units, respectively. FE represents the 
enzyme molecule. 


SUMMARY 

1. A new carbohydrate-transferring enzyme, transfructosidase, has been 
isolated from cultures of the mold Aspergillus oryzae. 

2. The mechanism of action of transfructosidase has been shown by 
tracer techniques to be a transfer of fructosyl units of sucrose or raffinose to 
fructosy] compounds (fructose, sucrose, 1-inulobiosyl-p-glucose, or raffinose) 
functioning as cosubstrates for the enzyme. 

3. The isolation and properties of several new fructosyl oligosaccharides 
are described. 
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UTILIZATION OF SOME PURINE RIBOSIDE DERIVATIVES 
BY LACTOBACILLUS CASEI* 


By M. KARL BALIS, DANIEL H. LEVIN, anp GEORGE BOSWORTH 
BROWN 


(From the Laboratories of the Sloan-Kettering Institute for Cancer Research, New 
York, New York) 


and GERTRUDE B. ELION, HENRY VANDERWERFF, ann GEORGE 
H. HITCHINGS 


(From the Wellcome Research Laboratories, Tuckahoe, New York) 
(Received for publication, July 1, 1952) 


In previous publications (1, 2) we have reported the incorporation of 
adenine, guanine, and 2,6-diaminopurine into the nucleic acids of Lacto- 
bacillus caset. This work has now been extended to a study of the utiliza- 
tion of three other purines and six ribosides in the hope that this might 
reveal the metabolic pathways by which this microorganism incorporates 
purines and their ribosides into nucleic acids. 

In the L. casei system, growth and inhibition studies indicated that the 
free purines and their ribosides were not being utilized via the same meta- 
bolic pathway. Not only were the ribosides much poorer growth factors 
than the purines for the microorganism (3), but, when growth was in- 
hibited by such compounds as 2,6-diaminopurine and 2-aminopurine (4), 
the inhibition could be reversed by free purines but not by the ribosides. 
It appeared, therefore, that the free purines were not being metabolized 
via their ribosides, nor the ribosides via the free purines. The present 
data, obtained with radioactively labeled materials, substantiate that 
belief and also reveal the utilization of a riboside which is not capable in 
itself of supporting the growth of L. casez. The use of isotopically labeled 
precursors also furnished information as to the relative extent of incor- 
poration and the relative degrees of conversion into either the adenine or 
guanine of the polynucleotides. 

EXPERIMENTAL 

The adenine-8-C'™ and guanine-8-C' were prepared as previously de- 
scribed (1, 5). The labeled ribosides were those prepared by J. Davoll 
and B. A. Lowy (6-8). The adenosine and inosine were labeled with C™ 
in position 8 and the guanosine, isoguanine riboside, and 2 ,6-diaminopurine 
riboside in position 2. 

* This investigation was supported in part by grants from the National Cancer 


Institute, National Institutes of Health, United States Public Health Service, and 
from the Atomic Energy Commission, contract AT(30-1)-910. 
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Tsoguanine'—To a hot solution of 164 mg. (0.8 mm) of 2,6-diaminopv- 
rine sulfate hydrate-2-C™ in 7 ml. of 2 N sulfuric acid were added 250 mg. 
of sodium nitrite. The solution was kept at about 80° for 5 minutes and 
then boiled for another 10 minutes. While the reaction mixture was boil- 
ing, an additional 25 mg. of sodium nitrite were added; the solution was 
cooled and the crystalline product was collected by filtration. The prod- 
uct was washed with water and recrystallized twice (Darco) from 2 N sul- 
furic acid and washed with water. The product weighed 72 mg. (43 per 
cent). Its purity was verified by spectral analysis and the absence of 
diaminopurine was demonstrated by its failure to inhibit the growth of 
casei. 

The purity of all the compounds used was determined by spectral, 
chromatographic, and microbiological assays. 

The experiments were carried out essentially according to procedures 
previously reported (2). After inoculation, the cultures were incubated 
at 37° for 48 hours. To precipitate the purines, after acid hydrolysis of 
the pentose nucleic acid (PNA) fraction, the solutions were made alkaline 
with ammonium hydroxide and ammoniacal silver nitrate was added. 
This procedure avoided the parchmentization of paper, which can result 
from the presence of silver sulfate with the silver purines, and the subse- 
quent presence of sulfuric acid in the solutions placed on paper for chro- 
matography. The bacteria were grown in two media (9), modifications 
of the medium of Landy and Dicken (10). The abbreviation OT has 
been used to designate the basal medium containing 1 y of thymine per 
ml., and OFA, the medium plus 0.05 myugm. of folic acid per ml. 

The radioactivity measurements were made with an internal Geiger- 
Miiller flow counter (Radiation Counter Laboratories, mark 12, model 1, 
helium-isobutane gas). The samples were counted a sufficient length of 
time to give a standard error of 3 per cent or less, except in those cases in 
which an actual value is given in Table I. No coincidence corrections 
were necessary. Duplicate and triplicate determinations gave means 
within 5 per cent of the extremes. Unless otherwise noted all of the activi- 
ties are reported in terms of relative specific activity (RSA), defined as 


RSA = c.p.m. per uM isolated compound 


xX 100 
¢.p.m. per uM supplement 


Results 


The utilization of the purine moieties of six 9-8-p-ribofuranosylpurines 
was determined. Five of these compounds were labeled with radioactive 
carbon and their utilization was measured directly. In some eases indirect 


1 Private communication from Dr. Aaron Bendich. 
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measurements of the incorporations were also deduced from the sparing 
action on other labeled precursors (see Table II). 

The experiments reported in Table I were carried out in a folic acid- 
containing medium so that adequate growth could be obtained with those 
nueleosides which are not capable of serving as the sole source of purine 
for L. caset. The results show that adenosine, guanosine, and diamino- 
purine riboside are effective precursors of PNA purines and less so of the 
desoxypentose nucleic acid (DNA) purines. It is to be noted that these 
ribosides are not incorporated equally into both PNA purines but that 


TABLE I 
Incorporation of Purine Moieties of Ribosides in OFA* Medium 


69 Adenosine Adenine 48 3.7 
Guanine 36 1§ 
70 Guanosine Adenine 16 3§ 3.5 
Guanine 40 14 
71 Diaminopurine Adenine 24 20 3.6 
riboside Guanine 49 7 
72 Isoguanine ribo-| Adenine 0.1$§ 0.1$§ 4.7 
side Guanine 0.8§ 0.38 | 
73 Inosine Adenine 17 8 4.7 
| Guanine 17 11 


*The medium contained 0.05 mygm. per ml. of folic acid. 

t The numbering is a continuation from the previous paper (2), which included 
Experiments 1 through 68 on L. caset. 

{5.9 um of each riboside in 400 ml. of medium, labeled with C'™ as deseribed in 
the text. 

§ Standard error of counting, 10 per cent. 


adenosine is a better source of adenine than of guanine, while diamino- 
purine riboside and guanosine are better sources of the guanine. Inosine 
is used less extensively than the above three compounds, and it is converted 
essentially equally into adenine and guanine. No incorporation of iso- 
guanine riboside was detected.’ 

The sixth riboside studied, xanthosine, was not labeled and its incor- 
poration was measured only by difference (Experiment 74, Table II). In 
the experiments reported in Table II, adenine-8-C'* and thymine were 
present. Since, in the absence of folic acid, no purines can be formed 


?In a preliminary report (20) it had been stated that isoguanine riboside was in- 
corporated to a limited extent. Further work has shown the incorporation to be 


negligible. 


| 
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de novo (2), all of the purines of the PNA will be derived from preformed 
purines in the medium and the utilization of the unlabeled nucleosides 
can be obtained by difference. Neither of the ribosides is used as effee- 


Taste II 
Competitive Incorporation of Ribosides and Adenine in OT Medium 
Amount | | : Per cent Titer, ml 
Compound added* | PNA purine RSA NaOH 
permi. uM total | riboside | Pet 10 ml. 
74 Xant hosine 8.42 11.9 | Adenine 93 7 2.9 
| | Guanine | 84 16 
75 Adenosine 7.91 11.9 | Adenine | 
| 
76 Adenosine | 3.95 5.9 | Adenine | 79 | 21 | 
| Guanine &4 16 | 
* The medium cont ery in addition to the Ly per ml. of thymine, 2 7 per ni. 


(5.9 ym total) of adenine-8-C"™. 


III 


Competitive Incorporations of Various Purines 


| 
Amount Percent derive Tite, 
Medium Compound added ol Label Unlabeled. 
y per ml.) uM total by 10 ml. 
difference 
77 OT Adenine 2 5.9 Ad 2.5 97.5 5.4 
Aagoine 5 13.2 Gu 1.6 98.4 
78 OFA 4a 2 5.3 Ad 1.5 5.0 
5.6 
79 OT Guanine* 3.3 5.9 Ad 45 55 3.0 
Hypoxanthine | 2 5.9 Gu 61 39 
80 . Adenine* 2 5.9 Ad 36 64 4.5 
Hypoxanthine | 4 11.9 Gu 30 70 | 
81 & Adenine* 2 5.9 Ad 37 63 | 4.0 
Xanthine 4.5 11.9 Gu 28 72 | 


* Labeled compounds. 


tively as the adenine, and adenosine is greatly superior to xanthosine as 
a source of PNA purines. 

The incorporation of the five C'*-labeled ribosides into the DNA was 
also measured (Table I). Because of technical difficulties, largely due to 
the small amounts of DNA formed, the measurements are less accurate 
than those for the PNA. In all cases the incorporation of the nucleosides 
into the DNA is less extensive than into PNA. Also noteworthy is the 
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relatively large utilization of diaminopurine riboside and its preponderant 
conversion into the adenine fraction of the DNA, although guanosine is 
predominantly incorporated into the guanine fraction of the DNA. 

The incorporation of adenine, guanine, and 2,6-diaminopurine by 
L. casei has been reported (2), but no similar studies were made of the 
incorporation of xanthine and hypoxanthine into nucleic acid purines. 
Isoguanine-2-C"™ is but poorly utilized for the synthesis of PNA adenine 
and guanine, in both folic acid-free (Experiment 77, Table III) and folic 
acid-containing media (Experiment 78). In competition witl adenine or 
guanine, hypoxanthine is incorporated to an extent comparable to that 
of adenine and guanine (Experiments 79 and 80; see also Experiments 
1to 3 (2)). The utilization of xanthine (Experiment 81) closely resem- 
bles that of hypoxanthine. 


DISCUSSION 


The essentially equal stimulation of growth of L. caset by the four pu- 
rines, adenine, guanine, hypoxanthine, and xanthine, and the less effec- 
tive growth stimulation by their ribosides (3, 4) are paralleled by the 
present results on the incorporation of labeled materials. The incorpora- . 
tion of precursors such as diaminopurine riboside, diaminopurine, and, 
less extensively, isoguanine could not have been ascertained from 
the earlier growth studies, since these compounds are incapable of supply- 
ing the purine requirement for growth. The relative incorporation of 
any two precursors in competition with each other and the interconversion 
patterns of the purines and their ribosides are ascertainable only with 
labeled materials, and have led to some insight into the metabolic path- 
ways involved. 

In view of the fact that free purines and the purine moieties of ribosides 
can both be utilized by L. caset for PNA synthesis, the question arises as 
to whether the two types of precursor follow the same metabolic pathways. 
If either type of precursor were an intermediate in the metabolism of 
the other, the patterns of incorporation should be essentially identical, 
and this has not proved to be the case. 

Several lines of evidence indicate that the free purines are not incor- 
porated primarily via the corresponding ribosides by L. casei. In the 
first place, adenine, guanine, hypoxanthine, isoguanine, and xanthine all 
are more efficient precursors of the PNA purines than are the corresponding 
ribosides, which (barring a rather large difference in the permeability of 
the organism to the two types of molecules) would appear to exclude the 
free ribosides as intermediary metabolites of the aglycones. Diamino- 
purine also appears to be more extensively utilized than the corresponding 
riboside, although the evidence in this instance is not so clear cut, since 
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complete interchangeability of it with adenine or guanine can only be 
demonstrated when appreciable quantities of another purine (e.g. adenine 
or guanine) also are available (2). 

It was also shown that when the microorganisms are grown in a folic 
acid medium adenine and guanine are extensively interconverted during 
the reactions leading to PNA purines. However, with guanosine, and less 
markedly with adenosine, a decided preference was found for the incor- 
poration of the purine without change, and the transformation into the 
other PNA purine was smaller than when an equivalent amount of the 
corresponding aglycone was supplied. A similar conclusion is probably 
justifiable with respect to diaminopurine riboside and diaminopurine, 
since the diaminopurine moiety of the riboside is converted preferentially 
into PNA guanine. However, diaminopurine itself was sometimes prefer- 
entially converted into PNA guanine (2), but only under conditions in 
which it was producing some growth inhibition. With xanthine and xan- 
thosine and with hypoxanthine and inosine, comparative data drawn from 
the same type of experiment are not available, and the lack of incorpora- 
tion of isoguanine riboside prevents comparisons of it and its aglycone, 
Nevertheless, the observed differences in transformations clearly indicate 
the non-identity of the over-all metabolic patterns of the two types of 
precursor. 

There are a number of other instances, in both microbiological and 
animal systems, in which the incorporation of nucleosides appears to 
follow a metabolic pathway different from that of the aglycone. Thus, 
pyrimidine ribonucleosides are incorporated into the nucleic acids of rats, 
whereas the free bases are not (11). The same appears to be true of 
the desoxyribosides (12). Recently Lowy et al. (8) have shown that the 
ribosides of adenine and diaminopurine can be utilized by the rat, although 
less efficiently than the free bases; moreover, inosine is a precursor of 
polynucleotide adenine and guanine, although hypoxanthine is not (13). 
On the other hand, the incorporation of guanosine (8, 14) is of the same 
low order as that of guanine (15), as is also true of isoguanine riboside (8) 
and isoguanine (16). Kerr et al. (17) found that adenosine and guano- 
sine are utilized by yeast much less extensively than are the corresponding 
aglycones, and the differential there was far greater than that found here 
for L. caset. 

Since nucleosidases are abundant in microorganisms,’ the possibility 
exists that the ribosides may be partially metabolized via the free purines. 
However, the relative incorporation data mentioned do not favor this as 
a primary pathway. Further evidence is provided by failure of diamino- 
purine riboside, in contrast to the free purine, to inhibit the growth of 


> For key references see Wang and Lampen (22). 
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L. caset, although extensive utilization of this nucleoside could be demon- 
strated. It is also known (4) that the nucleosides of adenine, guanine, 
hypoxanthine, and xanthine are less effective than the free purines in 
inhibiting the toxicity of 2,6-diaminopurine to L. casei. The possible 
involvement of transglycosidation (18), as recently reported for E’scherichia 
colt (19), must be considered but cannot be determined with those nucleo- 
sides labeled only in the purine ring. 

Growth and incorporation data on the utilization of purine nucleotides 
(20, 21), although still incomplete, are compatible with an assumption that 
free purines are converted directly into nucleotides. It is possible that 
nucleosides may also be converted into the nucleotides by substitution or 
exchange reactions. Whether the transformation reactions of the purine 
moieties take place at the free purine, riboside, ribotide, or polynucleotide 
level cannot be determined on the basis of the information now available. 

Several pathways for the incorporation of nucleosides and free purines 
can be formulated and these are not necessarily mutually exclusive. It 
is apparent from the present results that differences in the utilization 
of the glycosides and aglycones exist, but the question must remain open 
as to whether these are qualitative differences in the pathways followed, 
or quantitative differences in the distribution into several of the various 
pathways which are theoretically available. 


SUMMARY 


Studies have been made of the incorporation of the purine moieties of 
several labeled purine ribosides into the pentose nucleic acids of Lacto- 
bacillus casei. Adenosine, inosine, guanosine, and 2 ,6-diaminopurine ribo- 
side are incorporated to a smaller extent than are their parent purines. 
Isoguanine riboside (crotonoside) is not utilized, although its parent pu- 
rine is to a limited extent. 

Adenosine is somewhat preferentially converted into PNA adenine; on 
the other hand, guanosine, diaminopurine riboside, and xanthosine are 
converted preferentially into PNA guanine. Inosine serves as a source 
of both bases to the same extent. 

The utilization of diaminopurine riboside is to be contrasted with the 
fact that this compound cannot supply the purine requirement of L. casei 
for growth. 

The fact that the ribosides are utilized to a lesser extent than are the 
parent purines suggests that they cannot be the primary intermediates 
in the conversion of free purines into PNA purines. Moreover, the fact 
that several of the ribosides exhibit a preferential conversion into one or 
the other of the PNA purines, which is not shown by the corresponding 
free purines, supports the above concept and further indicates that break- 


| 
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down to the free purine cannot be the sole pathway of utilization of the 
ribosides. 


BIBLIOGRAPHY 


. Balis, M. k., Brown, G. B., Elion, G. B., Hitchings, G. H., and VanderWerf, 


H., J. Biol. Chem., 188, 217 (1951). 


. Balis, M. E., Levin, D. H., Brown, G. B., lion, G. B., VanderWerff, H., and 


Hitchings, G. H., J. Biol. Chem., 196, 729 (1952). 


. Elion, G. B., and Hitchings, G. H., J. Biol. Chem., 185, 651 (1950). 

. Elion, G. B., and Hitchings, G. H., J. Biol. Chem., 187, 511 (1950). 

. Clark, V. M., and Kaleckar, H. M., J. Chem. Soc., 1029 (1950). 

. Davoll, J., and Lowy, B. A., J. Am. Chem. Soc., 73, 1650 (1951). 

. Davoll, J., J. Am. Chem. Soc., 73, 3174 (1951). 

. Lowy, B. A., Davoll, J., and Brown, G. B., J. Biol. Chem., 197, 591 (1952). 

. Hitchings, G. H., Elion, G. B., Faleo, i. A., Russell, P. B., Sherwood, M. B,, 


and VanderWerff, H., J. Biol. Chem., 188, 1 (1950). 


. Landy, M., and Dicken, D. M., J. Lab. and Clin. Med., 27, 1086 (1942). 

. Hammarsten, E., Reichard, P., and Saluste, I¢X., J. Biol. Chem., 183, 105 (1950). 
. Reichard, P., and Estborn, B., J. Biol. Chem., 188, 839 (1951). 

. Getler, H., Roll, P. M., Tinker, J. F., and Brown, G. B., J. Biol. Chem., 118, 


259 (1949). 


. Hammarsten, I., and Reichard, P., Acta chem. Scand., 4, 711 (1950). 
. Balis, M. E., Marrian, D. H., and Brown, G. B., J. Am. Chem. Soc., 73, 3319 


(1951). 


. Bendich, A., Brown, G. B., Philips, F. 8., and Thiersch, J. B., J. Biol. Chem., 


183, 267 (1950). 


. Kerr, S. E., Seraidarian, K., and Brown, G. B., J. Biol. Chem., 188, 207 (1951). 
. MacNutt, W.S., Biochem. J., 50, 384 (1952). 

. Rose, I. A., and Schweigert, Bb. 8., Federation Proc., 11, 276 (1952). 

. Balis, M. k., and Elion, G. B., Federation Proc., 11, 183 (1952). 

. Elion, G. B., and Balis, M. E., Fet#eration Proc., 11, 207 (1952). 

. Wang, T. P., and Lampen, J. O., J. Biol. Chem., 192, 339 (1951). 


3 
4 
5 
6 
| 7 ( 
Q | 
10 
11 
| 12 | 
| 13 
14 
15 | 
17 
18 
19 
20 
21 
22 
| 
XUM 


CONVERSION OF DESOXYCORTICOSTERONE TO FOUR 
ALLOPREGNANE METABOLITES BY RAT LIVER 
IN VITRO* 


By JOHN J. SCHNEIDER 


(From the Department of Experimental Medicine, Jefferson Medical College, 
Philadelphia, Pennsylvania) 


(Received for publication, April 18, 1952) 


In an earlier communication in this series (1), it was shown that, when 
desoxycorticosterone is incubated with surviving rat liver slices, rapid loss 
of the conjugated unsaturated system (the 3-keto-A‘ structure) occurs. 
As evidence that this loss is reductive, we briefly indicated that, following 
the large scale incubation of this steroid with rat liver slices, allopregnane- 
38,21-diol-20-one was isolated in approximately 24 per cent yield. The 
purpose of the present report is to describe this experiment in detail. In 
addition to the reduction product noted above, three other allopregnane 
metabolites were obtained. These are allopregnane-21-ol-3 ,20-dione, allo- 
pregnane-33,20,21-triol, and the new steroid, allopregnane-3@ ,21-diol-20- 
one. 


Methods 


The techniques for incubating desoxycorticosterone, obtaining the crude 
extract, and separating the metabolic products from each other and from 
extraneous material were developed in the course of earlier, incomplete 
experiments here referred to only in part. The final and most successful 
procedure is given in detail. 

Incubation and Extraction—It was found convenient to conduct the incu- 
bations in 250 ml. Erlenmeyer flasks. Ten of these were prepared at a 
time, each containing 10 mg. of free desoxycorticosterone in 25 ml. of 
Krebs’ phosphosaline buffer (see the previous report (1)), 50 rat liver slices 
(corresponding to a steroid to tissue ratio of approximately 1:300), and 
0.1 per cent glucose. All were gassed with oxygen and incubated for 3 
hours at 38° with agitation. At the end of the incubation period, the 
contents of the vessels were poured into 1500 ml. of acetone contained in a 
4 liter Erlenmeyer flask. Each vessel was washed with 100 ml. of acetone 


* This investigation was supported by a research grant (CG-1255 (C)) from the 
National Cancer Institute, National Institutes of Health, United States Public — 
Health Service. This is Paper V in a series, ‘Studies in intermediary steroid me- 
tabolism.’’ A preliminary report of a portion of this work was presented at the 
meeting of the Endocrine Society at Atlantie City, New Jersey, June 7-9, 1951. 
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which was added to the original. The combined solution was well stirre; 
and allowed to stand overnight at —10°. The supernatant was thet 
filtered (folded papers) into a 5 liter round bottomed flask for concentration: 
The slices were washed by the addition and decantation of more acetone, 
but were not removed from the flask. Instead, 1500 ml. of acetone were 
added, and the same flask used to receive the next incubation mixtures. 
At the conclusion of the incubations, the slices were ground with sand and 
acetone, placed on the filter, and repeatedly washed with hot acetone. In 
this fashion a total of 1 gm. of desoxycorticosterone was incubated. The 
livers of 70 white male rats, 150 to 200 gm. in weight, were required. 

The acetone extracts were concentrated in vacuo as obtained, the bath 
temperature being kept below 60°. The aqueous concentrates were pooled 
in a large separatory funnel, diluted with water, and, after the addition of 
solid sodium chloride, extracted ten times with freshly distilled chloroform. 
Concentration of the combined chloroform solutions in vacuo gave the 
initial crude extract, a brown oil weighing 11.2 gm. 

Petroleum Ether-50 Per Cent Alcohol Fractionation—This step was intro- 
duced in order to remove the large lipide fraction which would otherwise 
interfere with subsequent manipulations. The crude extract was taken 
up in 200 ml. of a 1:1 (by volume) mixture of petroleum ether and absolute 
ethanol. 100 ml. of water were added, the layers separated, and the 
alcoholic phase reextracted with two 3 volumes of petroleum ether. After 
washing the combined petroleum ether extracts with small volumes of 50 
per cent alcohol, the alcoholic solutions were combined, diluted twenty 
times with water, and extracted ten times with chloroform. Concentration 
of this extract in vacuo gave a yellow gum weighing 1.28 gm. 

Girard Separation—Division of the fraction soluble in 50 per cent alcohol 
into ketonic and non-ketonic moieties was done using a procedure routinely 
employed in this laboratory (2) for fractionating urinary extracts. This 
gave a ketonic fraction weighing 1.13 gm. and a non-ketonic fraction of 
134 mg. As judged by ultraviolet spectroscopy (see Schneider and Horst- 
mann (1)), the ketonic fraction might have contained 373 mg. of desoxy- 
corticosterone. 

Fractionation with Digitonin—As noted in earlier experiments, both the 
ketonic and non-ketonic fractions gave precipitates when tested with digi- 
tonin in alcoholic solution. Accordingly, both were fractionated with this 
reagent. The precipitation was carried out in hot 90 per cent alcohol 
solution, in which the concentration of crude fraction was 3 per cent and 
' digitonin 1.2 per cent. After 12 hours at room temperature, the precip!- 
tates were collected by centrifugation, washed with alcohol and ether, and 
dried. The combined alcohol-ether solutions were taken to dryness in 
vacuo. Both dry residues were taken up in dry pyridine and freed of 
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Higitonin by the addition of 10 volumes of dry ether. The recovered 
sigitonin was dried and again precipitated by ether from pyridine solution. 
[he ether solutions were combined, washed with dilute, cold HCl and water, 
dried, and evaporated in vacuo. 

The ketonic fraction gave a crystalline digitonin-precipitated (@) fraction 
weighing 340 mg., and a fraction (a) of 530 mg. which was not precipitated 
with digitonin. The corresponding fractions from the non-ketonic moiety 
weighed 34 mg. and 64 mg., respectively. 

Chromatography—The various fractions were acetylated and chromato- 
graphed on magnesium silicate-Celite columns as described previously (2, 


3). 
Results 


Composition of Ketonic-3B-ol Fraction—Direct crystallization of this frac- 
tion from methanol gave 216 mg. of what appeared to be a single compound. 
The melting point was 170-171°; [a]?? = +84.3° (9.03 mg. in 1.2 ml. of 
absolute ethanol). Alcoholic solutions rapidly reduced alkaline triphenyl- 
tetrazolium chloride (3, 4) and gave a yellow solution when tested with 
Brady’s reagent (3), indicating that the a-ketol side chain was intact and 
the 3-keto-A‘ structure reduced. Direct ultraviolet spectroscopy confirmed 
the absence of the latter system. Proof that the isolated compound was 
allopregnane-3 ,21-diol-20-one (I) was obtained by converting it to the 
known diacetate by treatment with acetic anhydride and pyridine. The 
diacetate was crystallized from methanol, m.p. 154-155°. On admixture 
with authentic allopregnane-38 ,21-diol-20-one diacetate (m.p. 153-—154°), 
the melting point was 153-154°. In addition, the infra-red spectra of the 
authentic and isolated diacetates were identical. 

Analysis of the isolated diacetate is as follows: 


CosH3s05. Calculated, C 71.77, H 9.09; found, C 71.48, H 8.96 
Rotation, [a] = +75.7° (8.65 mg. in 2.0 ml. absolute ethanol) 


Reported melting points and rotation for allopregnane-38 ,21-diol-20-one 
diacetate are 151—-152.5° (5), 152.0-153.6° (6), 151—152° (7), and 152—-153°, 
fal” = +82.6°, 82.2° (c = 1.888, 0.982, CHC1;) (8). 

Chromatography of Ketonic-3a-ol Fraction—Following acetylation, the 
mixture of acetates (weight 518 mg.) was chromatographed on a magnesium 
silicate-Celite column prepared in benzene. Elution with benzene gave 
dls only. Washing with benzene containing from 2 to 8 per cent (by 
volume) of dry ether gave first a well defined crystalline fraction, m.p. 
164-165° (39 mg.), followed by semicrystalline fractions of varying melting 
points. These were succeeded by a crystalline fraction, eluted when the 
concentration of ether in benzene reached 12 per cent. This proved to be 
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the acetate of unchanged desoxycorticosterone, 284 mg., m.p. 156-158°. 
Elution with more polar mixtures gave non-crystalline fractions from which | 
no pure substances could be recovered. ) 

The first crystalline fraction, m.p. 164—-165° (above), proved to be a 
single substance as judged by our failure to raise its melting point on | 
recrystallization from methanol, and by other criteria that follow. Aleco- | 
holic solutions reduced alkaline triphenyltetrazolium chloride and gave 
yellow solutions with Brady’s reagent. On admixture with a sample of allo- 
pregnane-38 ,21-diol-20-one diacetate (m.p. 154-155°), the melting point 
was depressed 30°. The infra-red spectrum of the isolated compound also 


CH2OH CH,O0Ac GH, OAc CH,OH 
C=0 C=O C=0 HC-OH 
H H H H 
I] II] IV 
/ 
Pb(OAc),4 
/ 
CH 3 CH 3 CH 3 
C=0 HC-OH HC-OH 
HOAc 
H 
Vil Vi V 


differed from that of the known diacetate of I. While it seemed probable 
that the isolated substance was allopregnane-3a ,21-diol-20-one diacetate 
(II), a search of the literature showed that this steroid has not been des- 
cribed. Acceptable proof of structure was obtained by preparing a ref- 
erence compound from allopregnane-3a ,20a-diol (V) by known reactions 
as described below. On admixture with the authentic preparation (m.p. 
164-165°), the melting point was 164-165°. This establishes the structure 
of the isolated a-diolone diacetate II as allopregnane-3a ,21-diol-20-one 
diacetate. 


C2;H3s05. Calculated, C 71.77, H 9.09; found, C 71.81, H 8.79 
Rotation, fa]> = +96.4° (4.73 mg. in 1.2 ml. absolute ethanol) 


Examination of the semicrystalline fractions above showed that they 
were mixtures; accordingly, they were pooled, and the fraction weighing 
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64 mg. so obtained again chromatographed on a magnesium silicate-Celite 
column. Two pure compounds were recovered. These were the known 
diacetate of I (11 mg.), which was eluted first, and a substance melting at 
197-198°, of which 14 mg. were obtained. This compound reduced alka- 
line triphenyltetrazolium chloride and gave a yellow-orange solution with 
Brady’s reagent. Itwas identified as allopregnane-21-ol-3 ,20-dione acetate 
(III) by showing that the melting point of the isolated and a reference 
compound were the same and not depressed on admixture, and by com- 


Fractionation of Crude Extract 
Crude, neutral extract (11.2 gm.) 


50% alcohol-petroleum ether fractionation 


50% alcohol-soluble Petroleum ether- 
(1.28 soluble 


Girard separation 


Non-ketonic fraction (134 mg.) Ketonic fraction (1.13 gm.) 
Digitonin fractionation Digitonin fractionation 
a-Non-ketonic ——g-Non-ketonic a-Ketonic fraction——#-Ketonic frac- 
fraction (64 mg.) fraction (34 mg.) (530 mg.) tion (340 mg.) 
Crystallize from Acetylate and Crystallize 

methanol chromatograph from 
methanol 


Residue—-IV (8.2 mg.) II (39 mg.); 
I, diacetate (11 mg.); I (216 mg.) 
Acetylate and III (14 mg.); 
chromatograph desoxycorticosterone 
acetate (284 mg.) 
I, diacetate 
(S mg.) 


parison of their infra-red spectra which were identical. Reported melting 
points for allopregnane-21-ol-3 ,20-dione acetate (III) are 197-199° (5) and 
197-199° (9). 

Purification of Non-Ketonic-36-ol Fracttion—This fraction was a mixture 
from which two compounds were recovered. ‘The first was relatively in- 
soluble in methanol and crystallized under conditions in which the other 
components remained in solution. Recrystallization from methanol gave 
8.2 mg. of short needles, m.p. 212-215°. Alcoholic solutions of this sub- 
stance gave a yellow solution with Brady’s reagent and did not reduce the 
tetrazolium reagent, indicating reduction of both the 3-keto-A‘ system and 
the C-20 carbonyl group. On admixture with a reference specimen of 
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allopregnane-38 ,20,21-triol (10), m.p. 214—217°, the melting point was 
213-215°. Treatment of the isolated compound with acetic anhydride and 
pyridine, followed by crystallization of the product from dilute methanol, 
gave long needles, m.p. 118-121°. The triacetate prepared from the av- 
thentic triol melted at 120—-123°. A mixture of the two triacetates melted 
at 118-120°. This establishes the identity of the isolated steroid as allo- 
pregnane-38 ,20,21-triol. Since the orientation of the C-20 hydroxy] group 
of the authentic triol was not determined, it cannot be given with certainty 
for the isolated triol. ‘The more probable (a) configuration appears in the 
accompanying structure (IV). 

Acetylation and chromatography of the methanol-soluble component 
(above) yielded traces of the triol triacetate, followed by 8.0 mg. of the 
diacetate of I. 

Testing the non-ketonic-3a-ol fraction, and the crude petroleum ether- 
soluble fraction with Brady’s reagent and alkaline triphenyltetrazolium 
chloride, gave negative results. Acetylation and chromatography of the 
former fraction gave non-crystalline fractions only. 

The over-all recovery of crystalline compounds, including unchanged 
desoxycorticosterone, was 580.2 mg. or 58 per cent. The yield of individual 
metabolites was allopregnane-38 , 21-diol-20-one (I) and diacetates, 23.5 per 
cent, allopregnane-3a ,21-diol-20-one diacetate (II), 3.9 per cent, allopreg- 
nane-21-ol-3 ,20-dione acetate (III), 1.4 per cent, and allopregnane-38,20, 
21-triol (IV), 0.8 per cent. 

Conversion of Allopregnane-3a ,20a-diol (V) to Allopregnane-8a , 21-diol- 
20-one Diacetate (II)—The recent preparation of the relatively unavailable 
allopregnane-3a-ol-20-one acetate (VII) from allopregnane-3a , 20a-diol (V) 
by Hirschmann, Daus, and Hirschmann (11) offered a convenient route, 
since lead tetraacetate oxidation of the hydroxy ketone acetate VII should 
afford the desired a-diolone II. 

In the procedure of Hirschmann and his associates, allopregnahe-3a , 20a- 
diol (V) was converted to the diacetate and this subjected to partial meth- 
anolysis. The mixture of monoacetates so obtained proved difficult to 
separate by chromatography. As an alternative, we chose partially to 
acetylate allopregnane-3a,20a-diol (V) by boiling glacial acetic acid as 
described earlier by Hirschmann (12). 

A solution of 2 gm. of allopregnane-3a ,20a-diol (V) in 60 ml. of glacial 
acetic acid was refluxed for 2 hours under anhydrous conditions. The 
solution was cooled, poured into ice and water, and repeatedly extracted 
with ethyl acetate. The combined extracts were washed with cold NazCO; 
solution and water and taken to dryness in vacuo. The dry residue was 
extracted with small volumes of dry benzene, totaling 100 ml. The com- 
bined benzene solutions were taken to dryness to give a semicrystalline 
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residue weighing 1.74 gm. This was applied in benzene solution to a 
column of alumina (Merck and Company, Inc., aluminum oxide reagent) 
prepared in benzene. Elution with benzene gave first pure and then impure 
allopregnane-3a ,20a-diol diacetate (diacetate of V), 430 mg., followed, in 
order, by impure 20-monoacetate and the 3-monoacetate VI. Since ade- 
quate separation was not achieved, the monoacetate fractions were com- 
bined (780 mg.) and chromatographed on a column of silica gel (Davison 
Chemical Corporation, Baltimore, 100 to 200 mesh) at a steroid to absorb- 
ent ratio of 1:500. The order of elution was the same as noted above, 
but poor resolution of the two monoacetates was again obtained. The 
recovery of the 3-monoacetate VI, m.p. 170-171°, was 162 mg., of the 20 
monoacetate, m.p. 192—193°, 210 mg. A 360 mg., largely crystalline, 
unresolved fraction remained. Hirschmann and his associates (11) have 
recorded for allopregnane-3a ,20a-diol 3-monoacetate (VI), m.p. 169.5- 
172.5°, and for the corresponding 20-monoacetate, m.p. 192.5-194°. 

Oxidation of the 3-monoacetate VI to allopregnane-3a-ol-20-one acetate 
(VII) by chromium trioxide was carried out as described by Hirschmann, 
Daus, and Hirschmann (11). 39.6 mg. of chromium trioxide in 4 ml. of 
90 per cent acetic acid were added to 144.6 mg. of the 3-monoacetate VI, 
m.p. 170—-171°, in 12 ml. of glacial acetic acid. After 13 hours at 19°, the 
neutral product was recovered and crystallized from methanol to yield 120 
mg. (83 per cent) of allopregnane-3a-ol-20-one acetate (VII), m.p. 141- 
142°. On admixture with an authentic preparation of VII, m.p. 141- 
142°, the melting point was 141—142°. 

The procedure of Reichstein and Montigel (6) was followed in the lead 
tetraacetate oxidation of allopregnane-3a-ol-20-one acetate (VII) to allo- 
pregnane-3a ,21-diol-20-one diacetate (II). To 94 mg. of the hydroxy 
ketone acetate VII in 2.8 ml. of glacial acetic acid (distilled from chromium 
trioxide), containing | ml. of acetic anhydride, 207 mg. of lead tetraacetate 
(recrystallized from glacial acetic acid (13)) were added, and the mixture 
kept at 68-70° for 24 hours. The yellow solution was poured into ice and 
water and extracted with ethyl acetate. The organic phase was washed 
with cold sodium carbonate solution and water, filtered, and dried to give 
a residue weighing 86 mg. This was taken up in pentane and chromato- 
graphed on a small magnesium silicate-Celite column (2, 3). Elution with 
pentane gave traces of oils. Benzene eluted a fraction that was readily 
crystallized from methanol to give 48 mg. (51 per cent) of needles, m.p. 
164-165°. Alcoholic solutions of the compound reduced alkaline triphenyl- 


Co5H,s0;. Calculated, C 71.77, H 9.09; found, C 71.67, H 8.98 
Rotation, fa]* = +94.5° (6.84 mg. in 1.2 ml. absolute ethanol) 
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DISCUSSION 


When considered in terms of the crystalline metabolites recovered, these 
data provide ample evidence that the observed loss of the conjugated 
unsaturated system of desoxycorticosterone in tn vitro systems (1) is redue- 
tive. In all four of the metabolites, the double bond has been saturated, 
and, in three of the four (I, II, and IV), the C-3 carbonyl group has been 
reduced to hydroxyl. It is of interest that, while the reduction of the 
C-3 carbonyl group gave both epimeric alcohols, the reduction of the double 
bond proceeded in a stereospecific manner to yield allopregnane derivatives 
only. However, it is necessary to consider the possibility that some preg- 
nane derivatives were formed but were metabolized in turn to other sub- 
stances. 

Since three of the four metabolites isolated have an intact a-ketol side 
chain, these data appear to support our previous statement (1) that the 
a-ketol side chain is more resistant to enzymatic alteration than the 3- 
keto-A‘ system. Although only a small amount of IV was obtained, it pro- 
vides evidence that reduction of the C-20 carbonyl group can occur in in 
vitro systems. This triol is plainly derived from I and should be formed 
on reincubating the latter with liver tissue. While we have no direct evi- 
dence, we believe that III is derived from I or II by enzymatic reoxidation 
of the C-3 hydroxy] group to a carbonyl] group. 

In this experiment, as in earlier large scale experiments with 17-keto- 
steroids (14, 15), the recovery of crystalline steroids including desoxycorti- 
costerone was incomplete, corresponding to 58 per cent of the desoxycorti- 
costerone incubated. While part of this loss is manipulative, we believe 
that it largely reflects enzymatic degradation of the incubated desoxycorti- 
costerone to substances not recoverable in crystalline form by the isolation 
techniques used. These degradation products could include 17-ketoster- 
oids, but it is doubtful that they would accumulate in a system known to 
effect extensive reduction of the C-17 carbonyl group (14-16). While we 
did not test the ketonic fractions for 17-ketosteroids in this experiment, we 
more recently did, following the incubation of Compound E with surviving 
rat liver slices (17). None wasfound. Asa part of the present experiment, 
an aliquot of the crude ketonic fraction was assayed for androgens, by use 
of the chick comb method. The results of the bioassay indicated that 
approximately 3 per cent of the incubated desoxycorticosterone was con- 
verted to androgenic material, calculated as androsterone. A similar con- 
version had been noted in an earlier, unpublished experiment, carried out 
in collaboration with H. L. Mason. We plan to study this conversion in 
detail. 

None of the steroids isolated has been previously established as a metab- 
olite of desoxycorticosterone or obtained from urinary sources. The hy- 
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droxy ketone acetate VII, which may be considered a possible metabolic 
reduction product of II, has been obtained from human pregnancy urine 
(18, 19). While pregnanediol is a metabolite of desoxycorticosterone in a 
number of species including man (see Schneider and Horstmann (1) for 
literature references), it is not known whether the rat excretes pregnanediol 
normally or following the administration of desoxycorticosterone. The 
chances of isolating pregnanediol following the incubation of desoxycorti- 
costerone With rat liver are further reduced when it is considered that this 
supposed “‘end-metabolite” is further metabolized in in vitro systems (20). 


The author takes pleasure in thanking Dr. Oliver Kamm and Dr. H. M. 
Crooks, Parke, Davis and Company, Detroit, Michigan, for a generous 
sample of allopregnane-3a ,20a-diol, Dr. E. Oppenheimer, Ciba Pharma- 
ceutical Products, Inc., Summit, New Jersey, for supplies of desoxycorti- 
eosterone and for arranging the androgen assays which were carried out by 
Dr. F. X. Gassner, Colorado Experiment Station, Fort Collins, Colorado, 
Professor T. Reichstein, Pharmazeutische Anstalt der Universitat, Basel, 
Switzerland, for a sample of allopregnane-38 , 20 ,21-triol, Dr. Hans Hirsch- 
mann, Department of Medicine, Lakeside Hospital, Cleveland, Ohio, for a 
sample of allopregnane-3a-ol-20-one acetate, the late Dr. Konrad Dobriner, 
Sloan-Kettering Institute for Cancer Research, New York, for determining 
the infra-red spectra of metabolites I, II, and III, and Dr. George Rosen- 
kranz, Syntex, 8S. A., Mexico, for a sample of allopregnane-21-ol-3 ,20-dione 
acetate. 

Elementary analyses are by Joseph F. Alicino. 


SUMMARY 


1. Desoxycorticosterone has been incubated on a large scale with sur- 
viving rat liver slices, and the extract fractionated by means of 50 per cent 
alcohol-petroleum ether partitioning, Girard separation, digitonin fraction- 
ation, and chromatography. 

2. Four metabolites were recovered, all members of the allopregnane 
series. ‘hese are allopregnane-3, ,21-diol-20-one, allopregnane-3a , 21 -diol- 
20-one diacetate, allopregnane-21-ol-3 ,20-dione acetate, and allopregnane- 
38,20 ,21-triol. 

3. A partial synthesis of the new steroid, allopregnane-3ea ,21-diol-20-one, 
from allopregnane-3a@ ,20a-diol has been described. 
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BIOGENESIS OF HISTAMINE* 
By RICHARD W. SCHAYER 


WiTH THE TECHNICAL ASSISTANCE OF Rosa L. SMILEY 


(From the Rheumatic Fever Research Institute, Northwestern University Medical 
School, Chicago, Illinois) 


(Received for publication, May 12, 1952) 


The origin of histamine bound in certain mammalian tissues, in which 
it is available for release in such conditions as tissue damage and anaphy- 
lactic shock, has not been conclusively demonstrated. It has been postu- 
lated that it arises either from dietary histidine or from exogenous 
histamine formed in the intestine or in tissues high in_ histidine 
decarboxylase (1). Increases, of brief duration, in the histamine content 
of guinea pig urine and lung have been reported to follow administration 
of large amounts of histidine (2, 3), but, when smaller quantities of histi- 
dine were injected, no increase of histamine could be demonstrated in 
urine. 

In this paper it is shown that, following a small dose of radioactive 
L-histidine, radioactive histamine can be detected in the urine and in 
certain internal organs for many days. In contrast, after administration 
of C'4-histamine, none of this substance could be detected in the same 
internal organs after 4 hours. 


EXPERIMENTAL 


Isotopic Compounds—The syntheses of t-histidine and histamine labeled 
with C in the 2 position of the imidazole ring have been published (4). 
The specific activity of the L-histidine was 6.7 X 10° c.p.m. per mg. and 
that of the histamine 9.3 X 10® ¢.p.m. per mg. by use of a flow counter. 

Determination of Histamine in Urine and in Tissues—Since the amounts 
of histamine encountered were extremely small, it was necessary to use 
isotope dilution techniques to insure removal of contaminating radio- 
activity. Urine samples were collected in a receiving flask, kept at 0°, 
containing 20 mg. of non-isotopic histamine as carrier and 50 mg. of non- 
isotopic L-histidine as a diluent. 

For examination of internal organs only those known to have a high 
histamine content were used (combined lungs, kidneys, and intestines). 
The guinea pig was killed by a blow on the head, followed by decapitation, 
and the organs were immediately removed and frozen with dry ice, then 


* This investigation was supported in part by a contract with the United States 
Atomic Energy Commission. 
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ground with 10 per cent trichloroacetic acid and sand in a mortar contain. 
ing the usual amounts of carrier histamine and diluent histidine. Foy, 
grindings and filtrations were made and trichloroacetic acid was removed 
by ether extraction. Beginning at this point, the organ extracts and 
urine samples were treated identically. Sodium sulfate was added to give 
a 25 per cent solution and sodium hydroxide added to give pH 13 (5). 
Histamine base was extracted by shaking with n-amyl alcohol four times 
(two butanol extractions remove histamine completely but seem to carry 
over more impurities from urine). After drying the combined alcohol 
fractions thoroughly with sodium sulfate, the histamine was removed 
from the alcohol by two extractions with 3 N hydrochloric acid. The acid 
solution was evaporated to dryness on a hot-plate in a stream of air, the 
residue dissolved in 1 ml. of water, 90 mg. of picric acid in a minimum of 
boiling water added, and the hot solution treated with Norit and filtered. 
To prevent crystallization of picric acid each filtrate was reheated and 
seeded with histamine dipicrate. From 50 to 85 per cent of the carrier 
histamine was obtained as the dipicrate which could then be recrystallized, 
with Norit, to constant radioactivity. It was found that in many cases 
the compound had reached constant specific activity after the first crys- 
tallization; it was invariably constant after the second crystallization. 
By this method minute amounts of histamine could be readily separated 
from large excesses of L-histidine, urinary histamine metabolites, and ur- 
nary histidine metabolites. To add further assurance that the radio- 
activity being measured was due to histamine and not a contaminant, 
some of the histamine dipicrate samples from the organs were converted 
to free histamine. In each case, after sublimation, this compound showed 
the calculated increase in specific activity. 

Presence of Histamine in Tissues after Administration of C"*-Histamine— 
Four guinea pigs were injected subcutaneously with 0.05 y of C'4-histamine 
per gm. of body weight. Two were killed after 2 hours and two after 
4 hours. For each time interval the tissues of one animal were examined 
for total radioactivity and the tissues of the other animal used for hist- 
amine determinations. The results are shown in Table I. 

Presence of Histamine in Urine after Administration of C%-L-Histidine— 
Guinea pigs were injected subcutaneously with 2 y of C'-L-histidine per 
gm. of body weight and daily urine collections made for various intervals. 
Urine was collected and analyzed for histamine and total radioactivity 
as described above. The results are shown in Tables II and IY. 

Presence of Histamine in Tissues after Administration of C'4-L-Histidine 
~The animals used for urine analyses, and additional guinea pigs given 
the same dose of C'-L-histidine, were killed after various time intervals 
and the combined lungs, kidneys, and intestines analyzed for histamine 
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as described above. ‘To check for completeness of histamine extraction, 
2 residues from trichloroacetic acid treatment were analyzed for histamine 
after hydrolysis in 6 N hydrochloric acid in the presence of carrier hist- 
amine and diluent histidine. The results are shown in Table III. 


TABLE I 


Total Radioactivity and C'4-Histamine in Tissues after Subcutaneous Administration 
of 0.05 y of C'*-Histamine Per Gm. of Body Weight to Guinea Pigs ; 


Expressed as per cent of radioactivity injected. 


Liver | Kidney! Lung 
Total radioactivity after 2 hrs...........| 0.16 | 0.07 | 20 1.8 | 0.09 | 1.8 
Histamine content after 2 hrs............ 0.0 | 0.04 | 0.05 | 0.07 | 0.04 | 0.12 
Total radioactivity after 4 hrs. ........| 0.08 | 0.06 | 17 2.6 | 0.21 | 2.0 
Histamine content after 4 hrs............ 0.0 | 0.0 0.0 | 0.0 | 0.0 | 0.0 
TABLE II 


Counts Per Minute of Histamine in Urine Per Million C.p.m. of Injected 
L-Histidine (Equivalent to Per Cent 
Guinea pigs administered subcutaneously 2 y of C'4-L-histidine per gm. of body 
weight. 


Days after injection 


1 | 2 a4 4 5 6 7 8 | 9 10 15 
| gm. | | | 
HDE 9° 89 120 
HDF 76 21 | 7 | 
HDG 260 17 | 20 | 14} 10 | 10, 
HDH 220 12 | 16 0 | 11 
HDI ¢ 230* 97 36 25 | | 0 


* Received 4 y of C'4-L-histidine per gm. of body weight. Twice the usual amount 
of carrier histamine added to urine and recrystallization repeated many times to 
demonstrate conclusively the purity of histamine dipicrate. 


Counting and Calculations in Histamine Analyses—Histamine dipicrate 
was counted in 4.5 sq. em. plates in flow counters of background about 
20 c.p.m. Thickness corrections were made with an experimentally de- 
rived curve. Observed counts of 3 c.p.m. or more above background, 
after a long counting time, were considered significant and were used for 
quantitative treatment. Samples with less than 3 c.p.m. were reported 
negative. To relate the values presented in Tables II and III to actually 
observed counts, the following sample calculations are presented: For a 
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plate containing 37 mg. of histamine dipicrate the observed activity was 
14 c.p.m. above background or 58 ¢.p.m. corrected for thickness. The 
total carrier histamine is equivalent to 103 mg. of histamine dipicrate; 
thus the total count is 58 X 103/37 = 162. The animal was injected 
with 3.5 X 10° e¢.p.m. of L-histidine; therefore the reported value 
is 162/3.5 = 46 ¢.p.m. of histamine per million c.p.m. of L-histidine. The 


TaB_e III 
C'*-Histamine Content of Combined Lungs, Intestines, and Kidneys of Guinea Pigs 
at Intervals after Subcutaneous Injection with 2 y of C'4-L-Histidine Per Gm. 
of Body Weight 
Expressed as counts per minute of histamine per million c.p.m. of injected histi- 
dine (equivalent to per cent X 10‘). 


Guinea pig 


HDQ | HDR | HDN | HDE | HDJ* 


HDF | HDG | HDH | HDI | HDM | HDK 


Days from injection to sacrifice 


i 1 2 3 4 5 8 10 15 42 56 
65T 43 72 48 85 45t 46t 92 86§ 25T 48t 
* Died. 


+ The picrates from these assays were converted to free histamine and sublimed 
without producing significant deviation from the calculated specific activity. 

t The extraction procedure removed almost all the histamine, for, after hydroly- 
sis of the residual material from these organs, only traces of additional histamine 
were found. Furthermore, this C'*-histamine may be an artifact, for it has been 
shown that acid hydrolysis may decarboxylate traces of L-histidine (9). We have 
found that grinding of tissues with trichloroacetic acid at room temperature, in the 
presence of large quantities of C'4-L-histidine, produces no C!-histamine. 

§ As this animal received 4 y of C'4-t-histidine per gm. of body weight, the or- 
gans were assayed separately. Total histamine expressed in the above units was 
for lung 21, intestine 54, and kidney 11. Expressed as histamine per gm. of tissue: 
lung 8, intestine 4, and kidney 4. 


lowest observed count considered significant, 3 c.p.m., gives reported values 
of about 7 to 10 c.p.m. per million ¢.p.m. of L-histidine. 


DISCUSSION 


The data show that exogenous histamine cannot be detected in blood, 
lung, kidney, intestine, and liver 4 hours after injection. The level of 
histamine employed, 0.05 y per gm. of body weight, is probably many 
times greater than the histamine level produced by an injection of 2 ¥ of 
L-histidine per gm. of body weight. Thus it is probable that exogenous 
histamine is not a source of bound histamine. 
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After administration of a single dose of C'-.-histidine, minor In magni- 
tude compared to dietary and protein histidine, C'-histamine is found for 
long periods of time in organs known to be rich in bound histamine.' 

The following sequence of events seems probable. Shortly after absorp- 
tion of L-histidine into the blood stream, the concentration of free histi- 
dine is highest, and, in those organs containing histidine decarboxylase, 
histamine is produced at a maximum rate. If the histamine is formed 
within cells possessing a binding mechanism, it may be retained in stable 
condition for long periods. Most of the histamine, however, is evidently 
formed in cells lacking a binding mechanism. It is therefore treated as 
exogenous histamine and undergoes further metabolism; a small percentage 
is excreted unchanged in the urine (8). Thus, bound histamine is rapidly 
built up in the organs and relatively large amounts of histamine appear 


TABLE IV 
Daily Urinary Excretion of C% after Subcutaneous Injection of C'4-L-Histidine 
Expressed as per cent of total administered C™. 


Days after injection 

Guinea pig 

1 2 3 + 5 6 7 8 9 10 15 
HDE 1.9 | 0.8 | 0.5 
HDF 1 0.7 | 0.4 | 0.3 | 0.3 
HDG 0.4 | 0.3 | 0.3 | 0.3 | 0.2 
HDH 0.3 | 0.5 | 0.3 | 0.2 | 0.2 
HDI 2.0 | 0.6 | 0.6 0.1 


in the urine shortly after L-histidine administration. Histamine pro- 
duction is probably proportional to free histidine concentration, a conclu- 
sion supported by the rough proportionality of urinary C'-histamine to 
total urinary C (Tables II and IV). 

An estimation can be made of the half life of the bound histamine in 
the organs. The average amount of C'-histamine entering the organs 
daily can be obtained from the data of Table III. The average for the 
first 5 days after injection (a period of time of negligible duration com- 
pared to the long persistence of C'4-histamine in these organs) is 60 ¢.p.m. 


1 Since carbon atom 2 of the ring of L-histidine is known to be a source of 1-car- 
bon fragments (6), it was necessary to consider the possibility that the C'-hista- 
mine was being synthesized by a route not involving t-histidine and that its 
radioactivity was due to incorporation of this l-carbon fragment. A guinea pig 
was administered 4.8 X 106 c.p.m. of C'-methylamine (C'-formate being unavail- 
able); no C''-histamine could be found in the organs after 24 hours. Methylamine 
is largely oxidized to carbon dioxide in vivo (7) and presumably is a source of 1-car- 
bon fragments. 
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of histamine per 10° ¢.p.m. of t-histidine. This is equivalent to 400 
c.p.m. of histamine per mg. of L-histidine or about 0.04 y of histamine per 
mg. of L-histidine. Assuming the daily intake of L-histidine to be 80 mg.: 
then roughly 3 y of new histamine are added each day to the organs (lungs, 
intestines, and kidneys) and presumably the same amount is lost each day 
to maintain equilibrium. Since assays of these organs show that the 
total histamine content may be about 230 y,’ it is evident that turnover 
is slow and that the half life of bound histamine is of the order of 50 days! 
The histamine assays of the organs of animals killed 42 and 56 days after 
injection (Table III) could be in accordance with this estimate. 


SUMMARY 


An investigation has been made of the source of histamine bound in 
animal tissues. No C'4-histamine could be detected in the organs of guinea 
pigs 4 hours after injection with radioactive histamine. After injection 
with radioactive L-histidine, C'-histamine could be detected in urine 
and internal organs for many days. <A discussion of histamine formation 
and turnover is presented. 
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2 Based on observed food intake, known protein content of diet, and assumption 
that 2 per cent of protein is L-histidine. The average histidine content of several 
plant proteins is about 2 per cent. 

3 This figure was obtained by using a published value of the histamine content of 
guinea pig lung, 20 y per gm. (3), and using the observed C''-histamine values found 
in the organs of Guinea Pig HDI (Table III) to estimate histamine content of in- 
testine and kidney. It is realized that the histamine content of organs is highly 
variable, but it is felt that some attempt to arrive at a crude estimation of the half 
life of bound histamine is justified because of the inability to approach a problem 
of this nature with non-isotopicexperiments. The relatively high requirement of the 
C'4-,-histidine imposed a limit on the number of experiments performed. 

4 Calculated from At} = 0.693 where \ (fraction turned over per day) = 0.013. 
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COLORIMETRIC DETERMINATION OF SERUM CALCIUM* 


By MAKEPEACE U. TSAO 


(From the Department of Pediatrics and Communicable Diseases, Medical School, 
University of Michigan, Ann Arbor, Michigan) 


(Received for publication, May 29, 1952) 


In most procedures for the determination of serum calcium the calcium 
is precipitated and the precipitant anion in the precipitate is analyzed to 
give an indirect measurement of calcium. The necessity of washing the 
precipitated calcium salt several times to obtain nearly complete removal 
of the free precipitant anion has been a major source of error, as well as a 
time-consuming operation. This handicap can be completely eliminated 
when the calcium ion rather than the precipitant anion forms the basis of 
measurement. By precipitation from serum as the oxalate, calcium is 
separated from magnesium and other interfering materials. Then the con- 
ditions are ideal for a direct method of estimation of calcium, provided that 
the anion does not interfere. This paper presents an investigation of a 
colorimetric procedure that utilizes such advantageous conditions. 

The extremely selective color reaction of alkaline earths with an alkaline 
solution of 2,3,4-trihydroxybenzoic acid was reinvestigated by Okaé and 
Pech (1) with possible application to the detection and colorimetric deter- 
mination of calcium. The mechanism of the formation of the violet blue 
color was postulated as ‘‘the production of a colloidally dispersed basic salt 
of calcium colored by some meriquinoid oxidised form of the reagent’’ (2). 
This unique color reaction suggested the possibility of a rapid and specific 
method for the determination of serum calcium. 

Since the alkaline solution of polyhydroxybenzene derivatives turns 
brown on exposure to air, the development of color with calcium must be 
carried out in the absence of air. Contrary to the findings of Ok4é and 
Pech (1), however, the presence of oxalate interferes only when the concen- 
tration exceeds the equivalent of 30 mg. per cent of ammonium oxalate in 
the final solution. Therefore, the precipitation of calcium from serum as 
the oxalate constitutes no obstacle to the color development. On the other 
hand, owing to the presumption that the chromogenic substance examined 
by photometry is of a colloidal nature, it is necessary to control the pH, 
temperature, and ionic strength of the final solution. With the above 
requirements in view a practicable procedure has been devised and studied. 


* Aided by a grant from the Lederle Laboratories Division, American Cyanamid 
Company. 
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252 DETERMINATION OF SERUM CALCIUM 


EXPERIMENTAL 


Reagents— 

1. Ammonium oxalate, saturated solution. 

2. Ammonium oxalate, saturated solution in decalcified sera as described 
later. 

3. Diluting solution. 0.05 ml. of triethanolamine is dissolved in 1 liter 
of water. 

4. Sulfuric acid, 4 Nn. 

5. 2,3,4-Trihydroxybenzoic acid, saturated aqueous solution (5°). The 
acid is synthesized according to Von Hemmelmayr (3) and purified by 
three recrystallizations from water after treatment with Norit. At 5° this 
solution is stable for at least 6 months. 

6. Sodium hydroxide, 9 n. This is prepared weekly and _ protected 
from COs. 

7. Standard calcium solution. Working standard solutions containing 4, 
6, 8, 10, 12, 14, and 18 mg. per cent of Ca are prepared by proper dilution 
of a CO, free stock standard which, in turn, was prepared from CaCO; 
and HCl. 

A pparatus— 

1. Micro pipettes. Transfer type, 0.150, 0.300, and 0.500 ml. capacity 
(Microchemical Specialties Company, 1834 University Avenue, Berkeley, 
California). 

2. Aspirator. A No. 24 hypodermic needle with the bevel part cut off 
and the blunt tip bent into a semicircular hook of the least possible radius 
is attached to a 10 cm. glass tube which in turn is connected by rubber 
tubing to a water aspirator. 

3. Molten wax. Paraffin (Parawax) is maintained at approximately 60° 
in a beaker on an adjustable hot-plate. 

Procedure—Pipette 0.5 ml. of sample into a 12 ml. heavy walled centrifuge 
tube and rinse out the pipette with 3 volumes of water. Add 0.5 ml. of 
saturated ammonium oxalate solution. Mix the contents of the tube by 
tapping and heat the tube at 56° for 15 minutes. Cool to room temperature 
and add 3 ml. of the diluting solution. Mix thoroughly by tapping and 
add 6 drops of 95 per cent ethanol down the walls of the tube to remove 
the foam caused by mixing. Seal the tube with a wax film and centrifuge 
at 3000 r.p.m. (head 30 cm. in diameter) for 10 minutes. Carefully remove 
the supernatant fluid with the aspirator as much as is possible with no 
loss of precipitate. The tip of the needle should always be under the sur- 
face of the solution and away from the walls except in removing the last 
drop. Add 0.3 ml. of 4 N sulfuric acid and suspend the precipitate in the 
acid by tapping. Place the tube in a boiling water bath for 10 minutes. 
Cool to room temperature and add 3 ml. of a saturated solution of 2,3,4. 
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trihydroxybenzoic acid. Mix the contents of the tube in an ice bath, 
taking care not to wet the walls of the tube above the meniscus. Remove 
the tube from the bath and add 0.15 ml. of 9 N sodium hydroxide with the 
tip of the pipette under the surface of the liquid. Immediately place ap- 
proximately 1 ml. of molten wax over the surface with a medicine dropper. 
Rapidly rotate the tube vertically between the palms to effect a complete 
wax seal; then rotate it horizontally to mix the contents.! After exactly 
5 minutes read against a water blank at 620 muy in a Klett-Summerson 
photoelectric colorimeter. 

A standard curve is obtained by running the set of standard solutions 
described above. In place of the aqueous saturated solution of ammonium 
oxalate, pooled sera saturated with the salt and centrifuged to remove the 
precipitated calcium oxalate are employed to make the conditions similar 
for the standard solutions and the unknown serum. The calcium content 
of the unknown is read directly from the standard curve. 


Results 


The absorption curve of the color developed was investigated in the 
wave-length range 400 to 700 my. The 620 mu filter for the procedure 
was finally chosen because it gives absorbancy readings suitable for the 
useful range of concentrations. 

Standard Curve—aA linear relationship is found between the calcium con- 
centration in the sample and the absorbancy in the range of 5 to 18 mg. 
per cent (Fig. 1). This range covers the extreme values of pathological 
hypo- and hypercalcemia. The day to day deviation of the standard curve 
is no greater than the standard deviation of a single run; therefore, for 
routine use of this procedure two standard solutions, 8 and 14 mg. per cent, 
analyzed together with the unknown, give a reliable basis for calculation. 

Precipitation of Caleitum—Sendroy (4) has shown that the direct pre- 
cipitation of calcium from serum as the oxalate gives the same result as 
that obtained by the ashing of the serum previous to the precipitation. 
However, a period of 17 hours at room temperature is required for com- 
plete precipitation. Incubation of the serum-oxalate mixture at 56° for 
5 minutes (5) or at 37° for 3 hours (6) has been reported. It seemed 
feasible then to heat the serum-oxalate mixture at 56° for 15 minutes for 
complete precipitation of the calcium. A comparative study has been 
made on five pooled human sera. No significant difference between the 
last precipitation procedure and that of Sendroy was found in four samples. 


1 The wax seal in the tubes can be readily removed in the following manner. The 
tube is chilled in the ice bath where the wax seal shrinks away from the walls; a hole 
is then punched through the seal by a metal wire. After allowing the tube to warm 
up to room temperature, the wax seal is easily pulled out with a narrow metal spatula, 
the tip of which has been bent at right angles with the stem to serve as a hook. 
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In one sample, however, a higher value was obtained with the short heating 
procedure. The difference was apparently due to the fact that in the case 
of the Sendroy procedure some precipitate was still clinging to the walls 
of the tube after centrifugation and some of that was lost during aspiration. 

Color Stability—-If developed at room temperature, the color faded too 
rapidly for precise quantitative estimation. Chilling of the solutions be- 
fore the color development served not only to establish a readily repro- 
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Fig. 1. Standard curve showing the relationship between the concentration of 
calcium in the sample and the absorbancy reading. 


ducible temperature but also to give a relatively stable color. The rate 
of fading was higher for lower concentrations of calcium, but the maxi- 
mum color intensity was reached later for higher concentrations of calcium. 
A 5 minute interval from the time of the addition of alkali to the reading 
of the absorbancy in the colorimeter introduced the least error for all 
concentrations. Approximately 2 per cent error is introduced when the 
timing is in error by 2 minutes. 

The optimum pH of the final solution was found to be approximately 
11.3. A lower pH gave less stability and absorbancy, while a higher pH 
caused brown coloration which gave erroneously high results. 

The influence of the order of addition of the reagents and the variation 
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in the concentration of 2,3 ,4-trihnydroxybenzoic acid was studied. Greater 
concentration of 2,3,4-trihydroxybenzoic acid was effected by solution in 
ether or dioxane. The procedure outlined was found to give the highest 


absorbancy and stability. 


TABLE 
Recovery of Ca Added to Human Sera 


All values are expressed as mg. per cent of calcium. 


Sample K Sample L Sample M Sample P Sample Q Sample R 


10.00 9.92 9.28 9.90 9.80 10.60 
| 17.36 | 17.46 | 16.92 | 17.40 | 14.00 | 14.41 
8.00 8.00 8.00 | 8.00 | 4.00 | 4.00 
TaBLeE II 
Comparison of Colorimetric and Titrimetric Procedures 

All values are expressed as mg. per cent of calcium. 
Serum No. 
| 3 | 4 | 3 | 6 | | 9 | 10 | | 12 | | | 1s 
Colorimetric 


6.4) 83) 8.5) 91 0.3 9.3 9.7] 9.7] 9.9 9.9) 10.1) 10.3, 10.3, 12.3 17.6 
Titrimetric 

6.4 9.0 8.9 9.5) 0.1 9.6 10.0) 10.1 10.0 0.4 9.9 10.5, 12.6 18.7 


0 


Reproducibility—-Ten simultaneous runs were made on each of three 
pooled human sera. The standard deviations were 1.7, 2.0, and 2.0 per 
cent of the mean, respectively; the maximum deviations were —3.5, —3.8, 
and —+4.2 per cent of the mean, respectively. 

Recovery--Measured amounts of a standard calcium solution were placed 
in volumetric flasks and dried in a vacuum oven maintained at 60°. Pooled 
human sera were then used to fill the flasks to the mark and the contents 
of the flasks thoroughly mixed. The calcium content of the original sera 
and that of the sera with added calcium were determined in quadruplicate 


(Table I). 
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Comparison with Titrimetric Procedure—Sera from fifteen patients were 
divided into two portions, and each was analyzed independently by two 
individuals in different laboratories, in one case by the outlined colorimetric 
procedure and in the other by the Clark-Collip modification of the Kramer- 
Tisdall method (7). Triplicate and duplicate analyses were carried out. 
The results are compared in Table IT. 


DISCUSSION 


A comparison of the relative merits of the large number of procedures 
for the determination of serum calcium and their modifications is not at- 
tempted here. The continuous search for a satisfactory procedure indi- 
cated that the need is yet to be met. The chief advantages of the proposed 
procedure are the application of the semimicro scale analysis, the use of 
common and inexpensive laboratory equipment, the relatively short time 
required for a complete run, and the possibility of the simultaneous analysis 
of a large number of samples. Duplicate analyses can be carried out on 
1 ml. of serum in 1 hour. 

Although the inherent errors of the proposed procedure are eliminated 
by the simultaneous analysis of unknown and standard solutions under 
similar conditions, there are steps in the procedure in which extra caution 
would reduce accidental errors. With regard to reagents, the proper con- 
centration of 9 N sodium hydroxide must be maintained if difficulty with 
color development is to be avoided. In carrying out the procedure, the 
aspiration of the supernatant liquid should be fairly slow so as not to disturb 
the precipitate. Occasionally the precipitate fails to dissolve completely 
in the 4 N sulfuric acid, in which case the remaining residue must be dis- 
persed evenly before the addition of the 2,3,4-trihydroxybenzoic acid. 
Inclusion of an air bubble below the wax seal causes a brown coloration 
due to oxidation of the polyhydroxy acid in alkaline solution. This is not 
likely to happen if the walls of the tube above the meniscus are kept dry 
and the wax is kept fluid enough to spread easily when the tube is rotated. 


The author is indebted to Dorothy Sweet of the Biochemistry Laboratory 
of the University Hospital for her contribution to the comparative analyses 
of Table IT. 


SUMMARY 


A rapid colorimetric method for the determination of serum calcium, 
which is based on a color reaction of the calcium ion, has been presented. 
A linear relationship exists between concentration and absorbancy of the 
color for the entire range of application. With 0.5 ml. of sample 4 to 
18 mg. per cent of calcium (20 to 90 y) may be determined, with a standard 
deviation of 2 per cent. 
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THE SEPARATION AND CHARACTERIZATION OF BACITRACIN 
POLYPEPTIDES 


By LYMAN C. CRAIG, JAMES R. WEISIGER, WERNER HAUSMANN, 
AND ELIZABETH J. HARFENIST 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York, New York) 


(Received for publication, June 16, 1952) 


Bacitracin is an antibiotic produced by a certain strain of bacteria now 
classified as Bacillus licheniformis (1). It was discovered by Johnson, 
Anker, and Meleney (2) in 1945 and has come to be an antibiotic of con- 
siderable promise (3). 

Counter-current distribution studies (4, 5) by Barry, Gregory, and 
Craig conclusively demonstrated that the antibiotic activity was due to 
one or more polypeptides which yielded phenylalanine, leucine, isoleucine, 
cystine (or cysteine), glutamic acid, aspartic acid, histidine, lysine, and 
ornithine on complete hydrolysis in hydrochloric acid. The active prin- 
ciple is, therefore, a substance of considerable complexity, even though it 
has been reported to diffuse readily through a nitrocellulose membrane 
(1), a result confirmed in this laboratory. 

Aside from its importance as an antibiotic, bacitracin is especially 
interesting to the protein chemist in that it is one of the few readily avail- 
able polypeptides of considerable complexity, yet is by no means so com- 
plex as a protein. It is, therefore, a valuable model and as such is worthy 
of the most searching study from the standpoint of purity. Moreover, 
certain preparations have been disappointing in regard to undesired toxic 
manifestations when tested clinically (6). Therefore, the question whether 
a single substance in the chemical sense has been isolated may reasonably 
be raised. This question has been under study from time to time by us 
(4) for several years, but a conclusive answer has awaited the development 
of better equipment and techniques for fractionating this class of sub- 
stances. 

Attempts to purify bacitracin and obtain a crystalline product have 
been made by a considerable number of workers in different laboratories 
but without success thus far. A variety of different fractionation pro- 
cedures have been employed. In our experience, counter-current distribu- 
tion offers the most promise for isolation of a single chemical individual. 
Newton and Abraham (7) have reached a similar conclusion with a poly- 
peptide antibiotic called ayfivin, which apparently is identical with baci- 
tracin. 
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The reliability of counter-current distribution as a criterion of purity 
depends primarily upon the number of transfers which can be applied and 
the selectivity of suitable systems. The more recent studies on baci- 
tracin in this laboratory have been made with a 220 tube glass train oper- 
ated automatically (8) and capable of applying several thousand transfers 
if this number should be required. The question of the best all round 
system, however, cannot be disposed of so easily. 

From the standpoint of stability and for other technical reasons, mainly 
those involving the automatic counter-current distribution apparatus avail- 
able, the 2-butanol-3 per cent acetic acid system originally suggested 
(4) remains the one of choice in this laboratory in spite of the conclusions 
of Newton and Abraham (7). They found this system less selective than 
one of phosphate buffer at a pH approximating 7.0, but apparently over- 
looked the possibilities inherent in the use of higher concentrations of the 
peptide with the acetic acid system in order to achieve selectivity. The 
bacitracins do not give strictly linear partition isotherms at the higher 
concentrations, and it is possible to produce a slightly skewed pattern 
deliberately to achieve separation of the major component (9). 

Thus a 6 gm. charge of a crude bacitracin kindly supplied by the Com- 
mercial Solvents Corporation has given the pattern of Fig. 1, c at 527 trans- 
fers. The main peak is designated bacitracin A in conformity with the 
suggestion of Newton and Abraham. Their C component is probably 
identical with our bacitracin C. As mentioned later, it is a transforma- 
tion product of bacitracin A. Bacitracin E crystallized readily on evapo- 
ration of the solvent but has not thus far been studied since its antibiotic 
activity is low. It is almost absent from certain preparations. 

That bacitracin B represents a real component and is not the result 
solely of skewing ef the major band was first shown by complete hydrolysis 
of material occurring in this region and comparison by paper chromatog- 
raphy with a hydrolysate of material from the right half of the major 
band. Fig. 2 is a drawing of the map given by bacitracin A. The B com- 
ponent gave all these spots plus an additional spot whose position on the 
paper corresponded to that of valine. No suggestion of this spot was 
found in component A. As has been stated earlier (5), the so called “‘va- 
line” spot is not due to valine. It has been isolated in small amount in 
crystalline form but has not thus far been identified. 

Evidence that the material occurring in the peak tubes of the major band 
is a single component was obtained by rerunning the solute in Tubes 191 
to 195 without isolation from the solvent. At 157 transfers the pattern 
of Fig. 1, a was obtained. Complete absence of bacitracin C is indicated, 
since this would occur in the region of Tubes 70 to 90. Partition ratios 
determined directly at three points gave the values placed on the pattern. 
However, the partition ratio calculated from the position of the peak is 
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Fic. 1. Distribution patterns showing the fractionation of crude bacitracin A. 
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0.414. The deviation from the calculated is, therefore, due to a non. 
linear partition isotherm and, at most, there can be only a small amount 
of bacitracin B in the left limb of the band. 

In another run carried approximately to the point of the pattern of 
Fig. 1, c, bacitracins E and D were removed and the machine was set for 
“recycling” (8). At 900 transfers the pattern of Fig. 1, 6 was obtained. 
Here the shoulder containing the B component is unmistakable and a 
larger yield of the A component essentially free from B is obtained. Ma- 
terial taken from Tubes 310 to 340 has become our standard preparation 
of bacitracin A. 


@® sec - butanol + formic acid 
C 
g/d0rly O O 
Asp Glu 
Hi 
S 
+ 
iL 
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Fic. 2. Drawing of the paper chromatography map of the hydrolysate of baci- 
tracin A. Cy = cystine, Or = ornithine, Hi = histidine, Ly = lysine, Asp = as- 
partic acid, Glu = glutamic acid, gal = phenylalanine, iL = isoleucine, L = leu- 
cine. 


For recovery the combined solutions were rapidly concentrated in the 
rotary evaporator (10) under reduced pressure at a temperature never 
above 25°, until the alcoholic phase had evaporated and the aqueous phase 
had reached approximately 200 ml. The solution was then lyophilized. 

Analysis—Loss on drying at 100° = 9.6 per cent; C 55.20, H 7.30, N 
(total) 15.8, N (Van Slyke) 2.20, N (amide) 0.98, S 2.2, OCH3 none, N-- 
none. 

The white residue has been redistributed in the acetic acid system. A 
pattern almost identical with that of Fig. 1, a indicated no transforma- 
tion during isolation. No change was noted in this pattern after storing 
the bacitracin at 6° for several months, which is contrary to our experi- 
ence with a crude preparation (5). 

The residue contained sufficient acetic acid to give pH 4 to 5 when dis- 
solved in water. This could be removed by solution of the product in 
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a small volume of methanol and precipitation of the peptide by addition 
of the methanol solution to acetone. After two or three precipitations 
a product was obtained which appeared to be only slightly soluble in 
water. This treatment did not influence the antibiotic activity. It gave 
a higher activity per mg. of weight, but this was due to the smaller amount 
of solvent in the residue. When corrected to the dry weight basis (drying 
at 100° and 0.2 mm. pressure), activities approximating 50 to 60 units 
per mg. were regularly obtained. However, this material would be ex- 
pected to lose activity gradually, owing to the spontaneous formation of 
bacitracin C. 
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Fria. 3. Redistribution of bacitracin A in the system of Newton and Abraham 


The yield of the material obtained by lyophilization of a cut of Tubes 
310 to 340 from the pattern of Fig. 1, b approximated 2 gm. This stand- 
ard preparation has been studied further in other systems, including the 
issamyl alcohol-n-butanol-phosphate buffer system of Newton and Abra- 
ham (7). We have not reached the same conclusions, however, in regard 
to the effect of the system. 

A run with 200 mg. of our standard bacitracin A preparation gave the 
pattern of Fig. 3 at 106 transfers. No discrete band occurred on the right 
but only a drawn out tail, which seemed to be typical of a skewed distribu- 
tion or of transformation during the run. That the latter possibility is 
responsible for the effect became evident when partition ratios (K) were 
measured on the solute contained in Tubes 70 to 100. The K values were 
roughly constant throughout this band but were of the order of 10 or 
more. This is much too high a value for the position of the band on the 
pattern. Moreover, material recovered from this portion of the pattern 
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showed low antibiotic activity when it was assayed. The antibiotic 
activity approximated that of bacitracin C. In a later contribution! jt 
will be shown that, if bacitracin A is permitted to stand at room tem- 
perature for several days in a phosphate solution at pH 7 or slightly above, 
it is converted partially to bacitracin C. In view of these results, we do 
not consider the phosphate system as suitable for precise characterization 
of bacitracin A. 

Bacitracin B appears not to be derived from A, since it contains an 
additional amino acid residue as shown by paper chromatography. 

The hope that our standard preparation of bacitracin A does approach 
a working degree of chemical purity has now been supported by extensive 
hydrolysis experiments and quantitative determination of the amino acid 
residues and by molecular weight studies with the partial substitution 
method of Battersby and Craig (11). These results will be given in 
separate communications. The time would now appear ripe for rein- 
vestigation of the problem of the supposed inherent toxicity of the anti- 
biotic. Such studies are in progress. 

Absorption Spectrum Measurements—An aqueous solution of the stand- 
ard preparation containing 1 mg. per ml. in water gave Curve | of Fig. 4. 
All measurements were made with the Beckman quartz spectrophotometer. 
A weak maximum is apparent in the region of 250 to 255 mu. 

As experience with the material was gained, it soon became obvious 
that this characteristic absorption was caused by a chemically reactive 
arrangement of unknown linkages, since almost any transformation de- 
monstrable by distribution characteristics, antibiotic activity, etc., resulted 
in the loss of the characteristic type of absorption. 

Thus if bacitracin A was dissolved in 0.1 M Na2CO3 at a concentration 
of 1 mg. per ml. and the absorption measured immediately, the same 
curve was obtained as when water was the solvent. But on standing 
several days at 24°, the absorption spectrum changed to that shown in 
Curve 2 of Fig. 4. 

A different type of shift was observed in acid solution. <A solution of 
1 mg. per ml. in 0.1 N HCl measured immediately did not differ from 
Curve 1. But on standing several days at 24°, Curve 3 was obtained. 
The maximum was eliminated entirely. 

Bacitracin C, 1 mg. per ml. in water, gave Curve 4. Here the maxi- 
mum is strikingly shifted to the region of 290 my. Obviously the trans- 
formation which takes place in the more alkaline medium, such as in 
sodium carbonate, is different from that which produces bacitracin C. 

Bacitracin B gave a curve almost identical with A in water, but the 
shoulder was somewhat lower, as Curve 5 of Fig. 4 shows. The lower 


1 Weisiger, J. R., to be published. 
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( intensity is consistent with an additional residue in bacitracin B and a 
correspondingly higher molecular weight. The absorption spectrum of 
commercial bacitracin is consistent with its being a mixture of A, B, and 
C types. 

Bacitracins A and B apparently contain linkages which are very reac- 
tive to formaldehyde in aqueous solution at pH 7. With an excess of 
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Fig. 4. Absorption spectrum measurements of bacitracins. Curves 1, 2, and 
3 refer to bacitracin A, Curve 4 to bacitracin C, and Curve 5 to bacitracin B. 


formaldehyde, the absorption of bacitracin A was found to shift quickly 
from that of the unchanged peptide, Curve 1 of Fig. 4, to one similar to 
Curve 3. Here again, the characteristic shoulder was eliminated. Such 
a change was inhibited when the pH was reduced to 4. 

It has been suspected that the antibiotic potency of bacitracin is affected 
by the presence of aldehydes or ketones in solvents used for extraction of 
the peptide. This may be connected with the type of condensation 
noted here and may, therefore, have a logical basis. | 

Bacitracin C apparently is not affected by formaldehyde or, if it is, the ‘ 
absorption spectrum is not altered. Since, as discussed elsewhere,' the . 
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transition from A to C appears to take place with loss of the cysteine spot 
on paper chromatography of the hydrolysate, reactive linkages surround. 
ing the sulfur atom are probably responsible for the formaldehyde effect 
and probably also for the characteristic absorption of bacitracin A, 


SUMMARY 


Commercial bacitracin has been shown by counter-current distribution 
studies to be a mixture comprising a main component and varying amounts 
of four minor components. The major component has been separated 
and its ultraviolet absorption spectrum studied in several solutions. It 
has been found to be labile to alkali, strong acid, and formaldehyde. 


Addendum—Since this manuscript was submitted, a personal communication has 
been received from Dr. Abraham, reporting some properties of their bacitracin C 
which are distinctly different from our C. We, therefore, propose to change the 
name of our component and hereafter refer to it as “bacitracin F’’ so that confusion 
with the component C of Newton and Abraham will be avoided. 
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Based on their observations that the lipoxidase-catalyzed oxidation of 
linoleate, like autoxidation, gave primarily conjugated diene peroxides (1, 2) 
and caused a coupled oxidation of some easily oxidizable substances, such 
as carotenoids (3) and antioxidants (4), Bergstr6ém and Holman proposed 
a reaction mechanism for lipoxidase catalysis. They suggested (4) that 
lipoxidase could cause initiation of a free radical chain reaction similar to 
that operative in the autoxidation of methyl linoleate (5). Because the 
lipoxidase reaction yields peroxides whose molecular extinction coefficient is 
considerably greater than the molecular extinction coefficient of peroxides 
produced in autoxidation (4) under the same conditions, Lundberg (6) 
suggested that lipoxidase may not function merely to initiate a chain reac- 
tion like that prevailing in autoxidation but may form a complex with each 
linoleate molecule and thus influence the structure of the resulting per- 
oxides. More recently Kunkel (7) reported results that were interpreted 
as being in accord with a chain reaction mechanism for lipoxidase catalysis. 
He found that the rate of oxidation of methyl linoleate measured by bixin 
decolorization was proportional to the square root of the chain initiator 
(lipoxidase) concentration and, therefore, conformed to the same kinetic 
relationships that had previously been reported for the autoxidation of 
ethyl linoleate (5). Direct proportionality between reaction velocity and 
the square root of the enzyme concentration would in general be expected 
if a chain mechanism is operative (8). Kunkel also reported data on the in- 
hibition of lipoxidase by a- and y-tocopherols, from which he calculated 
that the minimum chain length in his system was 12 molecules. 

An understanding of lipoxidase catalysis is of interest in relation to 
proposals that some enzyme reactions may proceed by chain reactions 
(9-12). Other than for lipoxidase, speculations on possible chain mech- 
anisms are largely without experimental support. It was the purpose of 
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the studies reported herein to examine some of the experimental work op 
which the proposed chain reaction mechanism for lipoxidase has been based 
and to obtain further information which would aid in clarifying the nature 
of lipoxidase action. On the basis of the results obtained, a new mech- 
anism for lipoxidase catalysis is proposed. 


Materials and Methods 


Lipoxidase Preparations—The crude lipoxidase preparation used in most 
studies was obtained by aqueous extraction of soy bean meal defatted by 
petroleum ether extraction. Mature soy beans were ground, defatted, and 
suspended in 10 parts by weight of distilled water. After centrifuging, the 
supernatant was stored in small portions at —18° until used. 

The purified lipoxidase used was prepared several years ago and was 
kindly supplied by Dr. R. T. Holman. 

For comparative purposes, the potency of the lipoxidase preparations is 
expressed in units according to the assay of Bergstrém and Holman (4). 

Preparation of Linoleate—Highly purified linoleic acid and methyl lino- 
leate were prepared from recrystallized tetrabromostearic acid and were 
known to contain more than 99 per cent of 9, 12-octadecadienoate, of which 
approximately 91 per cent was the cis-cis form. Linoleic acid neutralized 
with sodium hydroxide and dissolved in 0.1 N ammonium hydroxide- 
ammonium chloride buffer at pH 9.0 was used as substrate for most of the 
studies. The linoleate substrate was protected from oxidation during prep- 
aration and storage by an atmosphere of nitrogen from which oxygen had 
been removed by passage over hot copper. 

Direct Spectrophotometric Method of Enzyme Assay—TIn order to determine 
accurately initial reaction rates, lipoxidase-catalyzed oxidations of linoleate 
were carried out in the silica cells of a Beckman DU quartz spectrophotom- 
eter that was equipped with a temperature-controlled cell compartment. 

For measurements of the initial reaction rate, 3 ml. of sodium linoleate 
substrate at the desired temperature were saturated with pure oxygen, 
introduced into a silica cell, and allowed to equilibrate to the temperature 
of the cell compartment. At zero time, 0.3 ml. of diluted lipoxidase was 
added, the contents were mixed, and measurements of the optical density 
at 232.5 mu were made every 15 seconds by simultaneously balancing the 
photoelectric circuit and observing a stop-watch. 

Variation in Oxygen Concentration—Lipoxidase-catalyzed oxidations of 
linoleate in which the oxygen concentration was a variable were carried out 
in Thunberg tubes. 5 ml. of buffered sodium linoleate were placed in the 
main compartment and 0.2 ml. of diluted lipoxidase was placed in the side 
arm. Each tube was evacuated and gassed four times with oxygen-nitro- 
gen mixtures supplied from a gas burette. The tubes were equilibrated 
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10 minutes in a constant temperature bath before tipping. The reaction 
was stopped after 5 minutes by addition of 5 ml. of ethyl alcohol (distilled 
from potassium hydroxide and zinc dust) and a 3 ml. aliquot was taken for 
readings of the spectral absorption at 232.5 mu. In each experiment it was 
established that the decrease in reaction rate with time was sufficiently 
small so that accurate initial velocities could be obtained. 

Peroxide Determinations—The determination of the peroxide concentra- 
tions followed a modification of the iodometric method of Lundberg and 
Chipault (13). The free fatty acids and peroxides were liberated from the 
sodium soaps by acidification and quantitatively extracted with three 20 
ml. portions of peroxide-free ethyl ether. The extract was washed and 
dried, the ether was removed by evaporation, and the residue was used for 
the peroxide determination. 

Oxygen Absorption Measurements—Oxygen absorption measurements 
were made by conventional techniques with a standard Warburg apparatus. 
The main compartment of the vessels contained the sodium linoleate sub- 
strate and other additions to give a final total liquid volume in the flask 
of 3.0 ml. Diluted lipoxidase (0.2 ml.) was placed in the side arm and 
mixed with the contents of the main compartment after temperature 
equilibration. 

Nordthydroguazaretic Acid Oxidation—Nordihydroguaiaretic acid (ND- 
GA) when oxidized by the lipoxidase system forms a product with an 
absorption maximum at 415 muy, which in dilute solution appears yellow- 
brown. A product with an absorption maximum at 415 my was also 
obtained by oxidation of NDGA with iodine, Tollens’ reagent, or with air 
at pH 9. The product reacted with the o-phenylenediamine to give a 
crystalline derivative. The mode of formation and properties suggested 
that the product absorbing at 415 muy is an o-quinone. The appearance of 
absorption at 415 my was used for estimation of the amount of NDGA 
oxidized. This procedure may be regarded as giving only an approximation 
of the amount of NDGA oxidation, since other oxidation products might 
be formed or the yellow-brown oxidation product may undergo further 
changes. 


EXPERIMENTAL AND DISCUSSION 


Effect of Lipoxidase Concentration—Most proposed methods of assay for 
lipoxidase have been based upon the observation that the rate of linoleate 
oxidation was directly proportional to the lipoxidase concentration (4). 
In our studies the rate of sodium linoleate oxidation measured either by 
oxygen absorption or the direct spectrophotometric method likewise was 
directly proportional to the lipoxidase concentration.' In contrast, Kunkel 


'Tappel, A. L., Lundberg, W. O., and Boyer, P. D., Arch. Biochem., in press. 
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found that the rate of methyl linoleate oxidation as measured by bixin 
destruction was proportional to the square root of the enzyme concentration 
(7). Because of the importance of the relation between enzyme concentra- 
tion and activity with reference to the lipoxidase mechanism, further studies 
on the rate of methyl linoleate oxidation were undertaken. In particular 
it was felt that use of methyl linoleate might offer some difficulty in kinetic 
studies because methyl linoleate emulsions when used as substrates may 
show non-specific activator effects upon addition of proteins or surface- 
active agents. To test this possibility the experimental assay conditions 
of Kunkel (7) were duplicated with the exception that a less pure enzyme 
preparation was used and the increase in light absorption at 232.5 my was 
taken as a measurement of the rate of methyl linoleate oxidation in prefer- 
ence to the indirect assay based on bixin destruction. If the action of 
lipoxidase is that of producing chain-initiating free radicals, then from the 
nature of such oxidations the following relationships should apply. 


d(Oz) dabsorption at 232.5 my) 
dt 


(enzyme)! X (linoleate) 


The rate of methy! linoleate oxidation as a function of enzyme concen- 
tration under assay conditions as used by Kunkel is shown in the lower 
curve of Fig. 1. In the upper curve are given results obtained under the 
same conditions but with addition of Tween 61? to the reaction mixture. 
This addition resulted in a linear relationship between the extent of methy! 
linoleate oxidation and the enzyme concentration. With lipoxidase con- 
centrations above | unit the same linear relationship was obtained in the 
presence or absence of Tween 61. These data suggest that deviations 
observed from a linear relationship between rate of methyl linoleate oxida- 
tion and enzyme concentrations arise because of the inadequate dispersion 
of the methyl linoleate and may offer an explanation of the results obtained 
by Kunkel (7). The sharp increase in reaction rate noted in the lower 
curve of Fig. 1 at a lipoxidase concentration above 0.5 unit probably arises 
as a result of better dispersion and availability of the substrate resulting 
from interaction between the substrate and non-enzymic material in the 
crude lipoxidase preparation. With the more highly purified enzyme prep- 
aration used by Kunkel, the tendency for a decline of the rate in relation 
to the increase in enzyme concentration as noted at low enzyme concentra- 
tion (Fig. 1) may have been more pronounced and extended over a wider 
range of enzyme concentrations, leading to the reported linear relationship 
between rate of bixin destruction and (enzyme)? (7). Such a possibility 
is also in harmony with enzyme concentration-velocity relationships and 


2A polyoxyethylene sorbitan monostearate supplied by the Atlas Powder Com- 
pany. 
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lipoxidase activation effects of crude and purified lipoxidase, as reported 
by Holman (2). 

Effect of Linoleate Concentration—The relationship obtained between the 
initial reaction velocity and the concentration of sodium linoleate did not 
conform well to theoretical curves corresponding to the Michaelis-Menten 
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Fic. 1. The relation between the rate of methyl linoleate oxidation and the lip- 
oxidase concentration. The reaction was carried out in Thunberg tubes containing 
0.6 ml. of ethyl alcohol, 5 mg. of methy] linoleate, 3.0 ml. of 0.05 m phosphate buffer, 
pH 7.0, and 0.2 ml. of the crude lipoxidase preparation. The gas phase was oxygen, 
temperature 20°, and the time 5 minutes. The reaction was carried out with and 
without 0.05 mg. of Tween 61 per tube, as indicated. The values for the optical 
density represent the increase during the 5 minute period subsequent to addition of 
the amounts of enzyme as indicated. 


equation, v = VS/(K» + S) where v = observed velocity, V = theoretical 
maximum velocity, S = substrate concentration, and K,, = the Michaelis 
constant. Typical results are shown in Fig. 2. Velocities at substrate 
concentrations below 3 X 10-* m could be accurately determined and 
results of such measurements are shown in Fig. 3. An approximation of 
the K,, in the usual manner (14), based on separate experiments with 
both crude and purified lipoxidase at substrate concentration below 3 X 
10“ M, gave a value of 2 X 10-'m. The approximately linear increase in 
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INITIAL VELOCITY 
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MOLARITY OF LINOLEATE X 10° 
Fic. 2. The relation between the initial velocity of the lipoxidase reaction and 
the concentration of linoleate. The direct spectrophotometric assay was used, as 
described in the text. Each silica cell contained 0.033 unit of lipoxidase, 0.1 mM am- 
monia-ammonium chloride buffer, pH 9.0, and the concentration of linoleate, as 
indicated, in a total volume of 3.0 ml. The temperature was 20°. The velocity is 
expressed as increase in optical density at 232.5 mp per minute. 
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Fic. 3. The relation between the initial velocity of the lipoxidase reaction and 
the concentration of linoleate at low linoleate concentrations. The assay procedure 
and conditions were as in Fig. 2. 
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reaction velocity between linoleate concentrations of 3 K 10-*m and 3 X 
10 m may explain in part the relatively high value for the A, previously 
reported (2). 

The cause of the apparently anomalous increase in reaction velocities 
with increase in substrate concentration beyond 3 X 10-4 M is not known. 
It may be related to association of substrate molecules such as leads to 
micelle formation in soap solutions. Another suggestion, which is discussed 
later, is the possible occurrence of part of the oxidation as a non-enzymic 
chain reaction at the higher substrate levels. The inhibition of the reac- 
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Fic. 4. The relation between the initial velocity of the lipoxidase reaction and 
the concentration of oxygen. A, 0.36 X 107% M linoleate, 0.065 unit of lipoxidase; 
B,7.2 X 10-3 o linoleate, 0.042 unit of lipoxidase. The reaction was carried out in 
Thunberg tubes containing 5 ml. of linoleate substrate, pH 9.0, prepared as described 
in the text. The gas phase contained known mixtures of oxygen and nitrogen at a 
total pressure of 740 mm. The temperature was 20°, and the linoleate and lipoxidase 
concentrations were as indicated. The values for the molarity of oxygen were cal- 
culated from the partial pressure of oxygen in the tube and the solubility of oxygen 
in water at 20°. The velocities are expressed as increase in optical density at 232.5 
My per minute. 


tion velocity noted with substrate concentrations above 3.5 X 10-3 mM is 
comparable to results frequently obtained with other enzyme systems. 
Effect of Oxygen Concentration—-In studies of reaction velocity at various 
sodium linoleate levels the concentration of linoleate at which inhibition 
became apparent was found to be decreased at lower oxygen tensions. 
This suggested that oxygen might competitively reduce the inhibition of 
higher sodium linoleate concentrations. The results of experiments which 
show that the concentration of oxygen necessary for maximum velocity is 
dependent upon the linoleate concentration are presented in Fig. 4. The 
apparent K,, for oxygen in this system is thus a function of the linoleate 
concentration; the values calculated from the data of Fig. 4 in the usual 
manner are 0.30 K 10-‘m and 2.9 * 10-‘ o at linoleate concentrations of 
0.36 X 10-* and 7.2 X 10-* Mm respectively. The K,, for oxygen at pH 
9.0, 20°, in the absence of linoleate inhibition is thus probably equal to or 
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somewhat less than 0.39 X 1074 M, corresponding to an oxygen partial 
pressure of 21.3 mm. At 0° and 7 X 107% M linoleate, Holman reported 
the A, as equal to 40 mm. of oxygen partial pressure (2). 

The inhibition caused by high linoleate concentrations could be explained 
if, with increase in linoleate concentration, additional linoleate combines 
with the enzyme so as to block the oxygen combination competitively, 
This might result from the combination of the linoleate with the site 
needed for oxygen combination; such a mechanism has been considered for 
lactic dehydrogenase inhibition by diphosphopyridine nucleotide, which is 
overcome by increase in the lactate concentration (15). With regard to 
the formation of complex of enzyme, oxygen, and linoleate, an obligatory 
combination of the enzyme with oxygen prior to combination with linoleate 
is not feasible if the linoleate inhibition is the result of the blocking of the 
oxygen absorption site. 

Relation between Peroxide Formation and Extinction Coefficient—To sub- 
stantiate further that the products of lipoxidase catalysis have a relatively 
high extinction coefficient, the spectral absorption at 232.5 my was corre- 
lated with the oxygen uptake and peroxide determinations. The results 
of the oxygen uptake-spectral absorption correlations were in essential 
agreement with the data of Holman (2). The extinction coefficient was 
high at 0°, € = 27,400, and decreased to € y = 23,000 at 37°. The lower 
value of 37° was probably the result of more extraneous reactions at this 
temperature. 

The result of the correlation between spectral absorption and _ peroxide 
concentration shown in Fig. 5 may be more indicative of the true extinction 
coefficient of the products of the lipoxidase-catalyzed oxidation than the 
spectral absorption-oxygen uptake correlation because extraneous oxygen 
uptake should not cause interference. Here again the molar extinction 
coefficient of 27,500 indicates that the peroxides produced show a greater 
absorption at 232.5 my than the corresponding products produced in aut- 
oxidation. 

Inhibition of Linoleate Oxidation by Antioxidants—Various results ob- 
tained suggested that the action of antioxidants in the lipoxidase system 
was not primarily the result of their inhibition of a chain reaction. Some 
antioxidants inhibited linoleate oxidation completely or considerably with- 
out a corresponding depression in the rate of oxygen absorption, as shown 
by the effects of propyl gallate and hydroquinone in Table I. If the 
principal action of antioxidants was the breaking of reaction chains with 
chain lengths of the order of 12 or more, as suggested by Kunkel (7), then 
the decrease in oxygen absorption should be nearly as great as the decrease 
in linoleate oxidation. In some experiments with a-tocopherol, in which 
the amounts of lineoleate oxidation and a-tocopherol oxidation were com- 
pared, the oxidation of 1 mole of a-tocopherol was found to prevent 
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the oxidation of only 0.3 to 0.4 mole of linoleate. If a chain mecha- 
nism were operative, the oxidation of 1 mole of a-tocopherol should pre- 
vent the oxidation of considerably more than | mole of linoleate. 

The most definitive results pertinent to the mechanism of lipoxidase 
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MOLES PEROXIDE PER 
MOLE LINOLEIC ACID 
Fic. 5. The relation between spectral absorption and peroxide concentration of 
products from the lipoxidase-catalyzed oxidation of linoleate. Peroxide determina- 
tions were made as described in the text. The reaction was carried out in flasks 
which were shaken in a constant temperature bath. Each flask contained 10 ml. of 
0.025 m linoleate, pH 9.0, and 5 ml. of a diluted crude lipoxidase preparation. The 
reaction was stopped by addition of 10 ml. of ethyl alcohol. A 2 ml. aliquot was 
taken for a determination of the spectral absorption and a 20 ml. aliquot was used 
for the peroxide determination. 


TABLE I 


Comparison of Inhibition of Linoleate Oxidation and Total Oxidation Due to Presence 
of Various Antioxidants at 30° 
The sodium linoleate concentration was 0.0036 mM and the phosphate buffer 0.05 
M, pH 7.0. Linoleate oxidation was determined by the direct spectrophotometric 
method, and total oxidation was determined by oxygen absorption, as described in 
the text. 


| exitetion| total ealdation 
M | per cent | per cent 
Propyl gallate.................... 1 xX 10-4 | 100 | 7 
a-Tocopherol...................... 39 | 19 
RE 1x10 | 21 | 10 
Hydroquinone..................:. 2x 10°3 66 | 6 
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were obtained with NDGA. NDGA is a potent inhibitor of the oxidation 
of linoleate by lipoxidase, and the extent of its oxidation can be readily 
approximated by spectrophotometric methods. Fig. 6 shows the rates of 
linoleate oxidation and oxygen uptake and the approximate rate of NDGA 
oxidation as a function of increasing NDGA concentration. At concentra- 
tions of NDGA above 1 X 10-‘ M, the rate of linoleate oxidation was zero 
within experimental error. At the concentrations of 1 K 10-*mM to2 xX 107 
mM NDGA, the NDGA oxidation rate remained comparatively high in the 
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Fic. 6. The course of the lipoxidase-catalyzed oxidation as a function of the con- 
centration of nordihydroguaiaretic acid. The method of determining oxygen ab- 
sorption, the technique for measuring linoleate oxidation by spectral absorption at 
232.5 my, and the method for approximating nordihydroguaiaretic acid oxidation by 
spectral absorption at 415 my are described in the text. Each series of measure- 
ments was made independently on the same reaction system. Linoleate concentra- 
tion was 0.0018 mM, phosphate buffer 0.05 m, pH 7.0, and the temperature 25°. 


absence of net linoleate oxidation, as measured by diene conjugation and 
peroxide formation. However, without linoleate the oxidation of NDGA 
did not occur. At concentrations about 3 X 10-4 mM NDGA all oxidation 
was stopped. At low NDGA concentrations (Fig. 6) the total moles of 
linoleate oxidized plus approximate moles of the oxidation product formed 
from NDGA oxidation (measured by absorption at 415 my) are less than 
the moles of oxygen taken up. This is probably the result of reaction of 
more than 1 mole of oxygen with each mole of NDGA to form products 
which do not absorb at 415 mu. Above 1 X 10-*m NDGA, the amount of 
the NDGA oxidation product formed is only slightly less than the oxygen 
uptake. The inhibition of lipoxidase by NDGA was reversible, as demon- 
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strated by the presence of lipoxidase activity after dilution of solutions 
containing lipoxidase and NDGA. The time required for recovery of full 
activity increased from 0 to 10 minutes when a solution containing 5 K 10~4 
u NDGA was diluted 33.3 or 6.6 times respectively. 

These data show two important effects of NDGA. First, higher concen- 
trations of NDGA can completely inhibit lipoxidase catalysis. Secondly, 
NDGA can be oxidized at a rapid rate in the presence of lipoxidase and 
linoleate, even when there is not net linoleate oxidation. Clearly this 
oxidation cannot be the result of the interruption of linoleate oxidation 
chains by NDGA. The formation of a linoleate or linoleate peroxide-free 
radical not associated with the enzyme as required by a chain mechanism 
would lead to conjugated products, as noted in autoxidation (16). Such 
products would be measured as representing oxidation of linoleate in the 
assay used. 

Possible Induction Period—Although Holman (17) found that the oxida- 
tion of bixin in the lipoxidase system had an induction period, measurement 
of the initial rate of linoleate oxidation by the direct spectrophotometric 
method in these studies did not show the presence of an induction period. 
The rate of product formation was linear with time within the limits of the 
experimental method from the instant lipoxidase was introduced into the 
substrate. The induction period found by Holman may have been the 
result of some property of the bixin oxidation system. 

Evidence against Chain Reaction Mechanism of Lipoxidase—-The experi- 
mental evidence reported herein, together with results of some previous 
investigations, offers the following arguments against a chain reaction as 
the principal mechanism for lipoxidase catalysis. 

1. The initial rate of the linoleate oxidation under valid assay conditions 
is directly proportional to the lipoxidase concentration and not to the 
square root of the lipoxidase concentration. 

2. The formation by lipoxidase action of peroxides with a higher molecu- 
lar extinction coefficient than that found in peroxides formed by autoxida- 
tion is most readily explained on the basis that the oxidation of each 
linoleate molecule occurs under the directive influence of the enzyme. 
Recent evidence’ indicates that this difference in the molecular extinction 
coeficients is at least in part, if not entirely, due to differences in the 
geometric configuration of the double bond systems rather than to differ- 
ences in the degree of conjugation, as previously assumed (6). In either 
case the peroxides are structurally different, thus ruling out the possibility 
that the lipoxidase-catalyzed oxidation proceeds by a chain reaction that 
differs from the autoxidation only in the chain-initiating step. 

3. The action of antioxidants in the lipoxidase catalysis is readily ex- 


*Privett, O. S., and Lundberg, W. O., unpublished data. 
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plainable by mechanisms not involving chain reactions, and oxidation of 
antioxidants under some conditions cannot be the result of interruption of 
oxidation chains. This is well illustrated by the data on NDGA oxidation 
presented herein and supported by other data on a-tocopherol oxidation,! 
Further, calculations from Kunkel’s data ((7), Fig. 4) show that 1 mole of 
a-tocopherol was oxidized per mole of linoleate oxidation prevented. If 
the lipoxidase-catalyzed oxidation of methyl linoleate in his experiments 
was a chain reaction with a minimum chain length of 12 as suggested (7), 
- then oxidation of 1 mole of a-tocopherol should have prevented oxidation 
of considerably more than | and possibly as many as 24 moles of linoleate. 

4. With increase in sodium linoleate concentration, the lipoxidase-cata- 
lyzed reaction approaches a maximum velocity, in harmony with other 
enzymic reactions. While it is possible on the basis of the chain reaction 
theory to propose mechanisms which would account for such observations 
(9), the concept of an obligatory formation of an enzyme-substrate complex 
for each reacting molecule of substrate is a simpler explanation of the data. 
In addition, in the autoxidation of ethyl linoleate, which is a chain reaction, 
the oxidation rate was found to be directly proportional to the linoleate 
concentration at high oxygen tensions (16). 

5. The lipoxidase reaction does not show an induction period. Occur- 
rence of an induction period has been cited as evidence in favor of chain 
reaction mechanisms for enzyme reactions (9). 

Plausible Reaction Mechanism for Lipoxidase Action—A simple mech- 
anism for lipoxidase catalysis which is in accord with experimental observa- 
tions is presented in Fig. 7. The initial step is visualized as the formation 
of a complex linoleate, oxygen, and lipoxidase, followed by a transfer of an 
electron and hydrogen ion from the linoleate to the oxygen to form a 
biradical on the enzyme surface (Step 2). The biradical then reacts to 
give a conjugated peroxide (Step 3) while still under the directive influence 
of the enzyme, and the peroxide dissociates from the enzyme (Step 4). 

The action of lipoxidase may involve stabilization of the biradical. Sta- 
bilization of free radicals has been suggested by Michaelis (18) as one 
explanation of the promotion of oxidation by enzymes. The formation of 
a biradical might occur through a direct transfer of a hydrogen atom, or 
through transfer of an electron with discharge and uptake of a hydrogen 
ion from the medium. The presence of oxygen is probably necessary as an 
electron acceptor for the enzyme to form a radical from linoleate. If 
radical formation would occur without oxygen, then lipoxidase might be 
expected to catalyze conjugation of linoleate anaerobically. This does not 
occur. Further, lipoxidase does not contain any known prosthetic group 
which might serve in electron transfer (4). 

The oxidation of NDGA and other antioxidants in the presence of lino- 
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of leate and lipoxidase could logically result through reaction of the antioxi- 
of dant with the biradical formed, as depicted in Fig. 8. An antioxidant is 
on represented by AH». The reactive biradical formed in Step 2 could readily 


n.! react with the antioxidant abstracting 1 hydrogen at a time, forming first 
of a free radical and then the oxidized antioxidant (Steps 3 and 4). In this 
If process the free radical of linoleate might accept a hydrogen to become 
its linoleate again, or the -OOH radical might accept a hydrogen to form 
i), hydrogen peroxide. An alternative mechanism is possible in which the 
on 


R-CH=CH-CHe CH=CH-R' + LIPOXIDASE + 


- s ‘ ASE + Ox 
ier 
on (1) R-CH=CH-CHz CH=GH-R’ O, 


a LIPOXIDASE 


R-CH=CH-CH=CH-GH-R' -OOH AH, 
LIPOXIDASE 


a. [a 


te R-CH=CH-GH* GH-CH-R' ‘OOH (3) 
LIPOXIDASE -OOH | “AH 
r- H LIPOXIDASE 
in (4) 
R-CH=C H-CHsC H-R' R-CH*CH-CH*CH-CHaR Ho Op 
h- LIPOXIDASE LIPOXIDASE 
H 
(4) 
LIPOXIDASE 4 0, Ho Op (2) 
Fic. 7 Fig. 8 
Fic. 7. Postulated mechanism for the oxidation of linoleate by lipoxidase. 
10 Fig. 8. Postulated mechanism for the oxidation of antioxidants by lipoxidase 
“e in the presence of linoleate. 
). 
- antioxidants could transfer hydrogens only to one of the radicals and the 
e other radical could obtain a hydrogen by an intermolecular rearrangement. 
of Whether hydrogen peroxide is formed in the oxidation of antioxidants, 
yr as indicated by Step 5, is not known, but reduction of oxygen to the 
n hydrogen peroxide level by the enzyme would seem more probable than 
complete reduction to water. If hydrogen peroxide were formed, it could 
if react non-enzymically with additional antioxidant. 
e The lack of formation of conjugated products from linoleate in the 
rt presence of sufficient NDGA might result if the linoleate which originally 
p forms a radical does not dissociate measurably from the enzyme prior to 
reacting again with oxygen, as shown in Fig. 8. Alternatively the linoleate 
)- radical with a free electron on carbon atom 11 may be stabilized by the 


‘ 
— 
2 
‘ 


280 SOY BEAN LIPOXIDASE 


enzyme and react with the antioxidant. Shift of the free electron to the 
carbon 9 or 13 position in the absence of excess antioxidant might result in 
a rapid reaction with the -OOH radical, giving a conjugated peroxide. 

The reaction of a linoleate molecule in solution with a biradical formed 
from oxygen and linoleate on the enzyme surface might also occur. This 
would be analogous to the postulated reaction of antioxidants, and could 
under favorable conditions give rise to oxidation of some of the linoleate by 
a chain mechanism. Such a reaction would account for the decrease in the 
extinction coefficient of the hydroperoxides formed at higher temperatures, 
and for the continued anomalous increase in reaction rate with linoleate 
concentration shown by the data in Fig. 2. That enzyme reactions which 
may involve free radical intermediates can initiate chain reactions was 
shown by Parravano (12). 

An important aspect of this mechanism is that it offers an explanation 
for oxidation of antioxidants without net oxidation of the linoleate but de- 
pendent on the presence of both linoleate and lipoxidase. In this type of 
oxidation the function of linoleate is analogous to that of a coenzyme. 
This raises the interesting question of the possible biological significance of 
such oxidation. 


SUMMARY 


Results of experiments directed toward increased understanding of lipoxi- 
dase calalysis are reported. With sodium linoleate as a substrate, under 
suitable conditions the reaction velocity was linear with respect to the 
enzyme concentration and the reaction did not show an induction period. 
With methy! linoleate the reaction velocity was not directly proportional 
to enzyme concentration unless a Tween preparation was added. Measure- 
ments of initial reaction velocities at.sodium linoleate concentrations below 
3 X 10-4, pH 9.0, 20°, gave results in good confirmation of the Michaelis- 
Menten equation, A,, equal to 2 X 10-® mM. However, with substrate 
concentrations between 3 X 10-4mM and 4 X 10-4 M, an apparently anoma- 
lous increase in reaction velocity was noted and discussed. 

The value for the K,, for oxygen increased with increase in the linoleate 
concentration, possibly as a result of interference by linoleate with the 
combination of oxygen and the enzyme. The K,, for oxygen at pH 9.0, 
20°, in the absence of linoleate inhibition is probably equal to or slightly 
less than 0.39 10-4 M. 

Spectral absorption measurements at 232.5 mu were correlated with both 
oxygen uptake and peroxide formation for the lipoxidase-catalyzed oxida- 
tion of sodium linoleate. The results further confirm the higher value of 
the extinction coefficient for peroxides formed in presence of lipoxidase as 
contrasted to those formed in autoxidation. 
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he Antioxidants inhibited linoleate oxidation as a result of a direct effect on 
*8 lipoxidase and of a preferential oxidation of the antioxidant. Rapid oxida- 
le. tion of nordihydroguaiaretic acid under suitable conditions was obtained 
ed in the absence of net linoleate oxidation, the linoleate having a function 
us analogous to that of a coenzyme. 
ud The strong evidence obtained against a chain reaction mechanism for 
by lipoxidase is discussed. A simple reaction mechanism is postulated involv- 
he ing formation of a biradical from linoleate and oxygen on the enzyme 
* surface. The biradical may accept electrons from antioxidants or may 
. react to give the conjugated linoleate peroxide. 
C 
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BIOCHEMISTRY OF THE SPHINGOLIPIDES 


VII. STRUCTURE OF THE CEREBROSIDES* 


By HERBERT E. CARTER anp FRED L. GREENWOODt 
(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana, Illinois) 


(Received for publication, May 28, 1952) 


The cerebrosides have been well characterized as galactosido-N-acyl de- 
rivatives of sphingosine, but the point of attachment of galactose to sphin- 
gosine has not been established. The two possible structures are shown in 
formulas I and II. 


RCH=CH—CH—CH CH. RCH=~CH—CH CH—CH, 
OH NH OH 
CO CH—— CH CO 
HO—C—H HO—C—H 
H HO—C—H 
H—C—O-— C—O— 
OH CH.OH 


(1) (II) 


Nakayama (2) has presented evidence that in phrenosin (cerebron) galac- 
tose is attached to the terminal carbon atom of sphingosine. Phrenosin 
was methylated and the product was hydrolyzed to an O-methylsphingosine 
with methanolic-sulfuric acid. The O-methy] derivative was oxidized to 
methoxyheptadecenoie acid. These data would seem to establish the pres- 
ence of a 3-methoxyl group in the methylated phrenosin molecule and 
hence the attachment of galactose at the 1 position. However there is a 
serious question as to the validity of this argument. Hydrolysis of cere- 
brosides with methanolic-sulfuric acid gives 3-O-methylsphingosine (3). 
Therefore this substance would have resulted from any unmethylated 


* Aided by a grant from the United States Public Health Service. A preliminary 


.hote on this work has been published (1). 
t Present address, Department of Chemistry, Tufts College, Medford, Massachu- 


setts. 
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phrenosin present in the crude methylation product. Since the O-methyl- 
sphingosine obtained by Nakayama was not well characterized and the 
yield of methoxyheptadecenoic acid was very poor, this possibility cannot 
be excluded. 

We have approached this problem in a different way. Carter and co- 
workers (3, 4) in their studies on sphingosine observed that triacetyl- 
sphingosine (4) and the 3-O-methylsphingosines (3) on reduction over an 
active platinum catalyst underwent hydrogenolysis of the allylic carbon- 
oxygen bond in the 3 position, giving a derivative of sphingine.. 


Pt 
RCH=CH—CH—CH—CH, RCH==CHCH: CH— CH: + R’OH 


OR’ NH O NH O 
Co bo co 
CH; CH, CH; CH; 

RCH, CH— CH, 
NH 
CO CO 


CH; CH; 
Diacetylsphingine 
R’=CHs;, CH;CO. 


If, in cerebrosides, galactose is attached at the 3rd carbon of sphingosine 
(formula II), then hydrogenolysis of the allylic group should yield galactose 
and a sphingine derivative. If, on the other hand, galactose is attached to 
the Ist carbon, hydrogenolysis of the acetylated cerebroside should yield 
acetic acid and a galactosidosphingine derivative. In the first case a re- 
ducing sugar would result; none would be expected in the second. 

We undertook, therefore, a careful study of the reduction of hexaacetyl- 
phrenosin over freshly prepared platinum oxide catalyst. The results were 
clean cut and decisive. The reduction yielded acetic acid in about the 
same proportion as that obtained from triacetylsphingosine. No reducing 
sugar was produced in any of the experiments. Hydrolysis of the reduction 
product yielded galactose and a mixture of sphingine and dihydrosphingo- 


sine similar to that obtained from the reduction product of triacetylsphingo- 


sine. 
The production of sphingine on reduction of hexaacetylphrenosin requires 
reductive cleavage of the group in the 3 position. Since acetic acid was 


i 
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produced in the reduction and no galactose was liberated, it must be 
concluded that in hexaacetylphrenosin an acetoxy! group is present at the 
3 position and that galactose is attached to the terminal carbon atom. The 
reactions involved are shown in the accompanying reactions. 


RCH=CH— CH— CH CH, RCH=CH—CH:CH—CH,; + CH;CO:H 
O NH NH O 
he CO on Go R” 
(CH2)2, AcO—CH 
CH:0OAc 
RCH:CH.—CH—CH—CH; 
O NH O NH O 
he COR Go 
R 
RCH:CH.CH.—CH—CH:, 
OH NH: OH NH. OH 
Dihydrosphingosine Sphingine 


R’ = CH;(CH:2)21CH—; R” = Tetraacetylgalactosyl. 
| 


OAc 


These data establish the point of attachment of galactose to sphingosine 
in the phrenosin molecule. There can be little doubt that kerasin and other 
cerebrosides possess a similar structure, although this point deserves con- 
frmation. We are now attempting to obtain some information on the 
structure of sphingomyelin by a similar procedure, since little information 
is available as to the point of attachment of phosphorylcholine to sphingo- 
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sine. Rennkamp (5) suggested that sphingomyelins have a structure simi- 
lar to the cerebrosides, since both yield the same O-methylsphingosine on 
hydrolysis with methanolic acids. However, the recent evidence on the 
mechanism of formation of the O-methyl ethers of sphingosine (3) casts 
serious doubt on the validity of this argument. It seems promising, there- 
fore, to apply the hydrogenolysis technique to this problem also. 


EXPERIMENTAL 


Preparation of Hexaacetylphrenosin—Phrenosin! (cerebron) was prepared 
by the procedure of Klenk and Leupold (6) and was acetylated by a 
modification of the procedure of Levene and West (7). 10.0 gm. of phren- 
osin, 20 ml. of pyridine, and 20 ml. of acetic anhydride were placed in a 
125 ml. Erlenmeyer flask. The reaction mixture warmed spontaneously 
and was heated gently. To effect complete solution of the phrenosin the 
reaction mixture was allowed to stand at room temperature overnight. 
The solution was filtered to remove a few particles of insoluble material, 
the filtrate was cooled, and 50 ml. of methanol were added in portions to 
destroy the excess anhydride. The reaction mixture was poured into a 
separatory funnel containing ice and 30 ml. of concentrated hydrochloric 
acid. 200 ml. of ether were added to the separatory funnel, and the funnel 
was shaken gently until all of the white solid dissolved in the ether layer. 
The ether layer was separated and extracted with two 100 ml. portions of 
water. During the extractions vigorous shaking must be avoided or in- 
tractable emulsions will form. (Emulsions, if formed, can be broken by 
the addition of some ethanol.) The ether layer was dried over anhydrous 
sodium sulfate, filtered from the drying agent, and evaporated to dryness 
in vacuo to give 9.03 gm. of hexaacetylphrenosin. 

Hydrogenation of Triacetylsphingostne—In a reduction bottle was placed 
a solution of 2.00 gm. (4.71 mM) of triacetylsphingosine (m.p. 103-104°) 
in 100 ml. of absolute ethanol, and 0.20 gm. of freshly prepared platinum 
oxide catalyst was added. The mixture was shaken for 5 hours under a 
hydrogen pressure of about 40 pounds. The reaction mixture was filtered 
and titrated with standard alkali. The titration, after correction for a 
blank, indicated the formation of 1.63 mM of acid during the hydrogenation, 
corresponding to 34.7 per cent hydrogenolysis of the allylic acetate group.’ 

Hydrogenation of Hexaacetylphrenosin—Hexaacetylphrenosin (9.03 gm., 
8.36 mM) was dissolved in 130 ml. of absolute ethanol, and this solution 
was shaken for 2 hours under a hydrogen pressure of about 40 pounds with 


1 We are indebted to Dr. Henry Sable for the preparation of the phrenosin used 


in these experiments. 
2 This is a minimal figure, since control experiments showed that a small pro- 


portion of acetic acid (5 to 10 per cent) is adsorbed on the catalyst. 
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0.83 gm. of the same platinum oxide preparation that was used for the 
hydrogenation of triacetylsphingosine. The reaction mixture was filtered, 
and titration with standard alkali, after correction for a blank, indicated 
that 3.37 mM of acid were formed during hydrogenation. This amount of 
acid represents 40.3 per cent hydrogenolysis of the allylic acetate group. 

Characterization of Reduction Products. Acetic Acid—The neutralized so- 
lution was diluted with an equal volume of water, giving'a gelatinous pre- 
cipitate which was separated by centrifugation and worked up as described 
below. The supernatant fluid was filtered and the filtrate was evaporated 
to dryness in vacuo. The residue, after two extractions with warm hexane, 
weighed 0.32 gm. (The theoretical yield of sodium acetate based on the 
titration result is 0.28 gm.) This material gave negative tests for carbohy- 
drate and was identified as sodium acetate as follows: 0.20 gm. of the solid 
was treated with 0.67 gm. of p-phenylphenacy! bromide in the usual way to 
give 0.41 gm. of derivative (66.1 per cent of the theoretical yield), melting 
at 108-109°. Authentic sodium acetate (0.20 gm.) by the same procedure 
gave 0.45 gm. of derivative (72.5 per cent of the theoretical yield), melting 
at 108-110°. A mixture of the two derivatives melted at 109-—110°. 

Diacetylsphingine and N-Acetyldihydrosphingosine—The gelatinous pre- 
cipitate from the preceding section was dissolved in ether, and ethanol was 
added to break the emulsion. The solution was filtered and the filtrate 
evaporated to dryness, yielding a residue of 8.22 gm. of solid which gave a 
positive Molisch test. On the basis of 40.3 per cent hydrogenolysis this 
material should have contained 4.54 mm of dihydrohexaacetylphrenosin 
and 3.07 mm of a sphingine derivative. The mixture of solids was hy- 
drolyzed with 5 per cent methanolic sulfuric acid (by volume) and the 
products were isolated as described previously (8), giving 2.58 gm. of 
methyl ester of fatty acid and 1.93 gm. of a nitrogenous base fraction. 

The 1.93 gm. of basic material were acetylated with 10 ml. of acetic 
anhydride and 10 ml. of pyridine according to the procedure used for the 
preparation of hexaacetylphrenosin. On allowing the acetylation mixture 
to stand at room temperature for 2 hours, a white solid separated. This 
solid was collected on a filter, washed with water until free of pyridine, and 
dried to give 1.47 gm. of solid melting at 102—105°. The pyridine-acetic 
anhydride filtrate was evaporated to dryness in vacuo, and the residue kept 
in a vacuum desiccator until free of pyridine and acetic anhydride. The 
solid residue weighed 1.19 gm. 

The 1.47 gm. of solid (m.p. 102—105°) were recrystallized from 15 ml. of 
95 per cent ethanol to give 1.08 gm. of solid melting at 106-107°. A mix- 
ture of this material with authentic diacetylsphingine (m.p. 108—-109°) 
melted at 107-108°. On the basis of 40.3 per cent hydrogenolysis, the 
theoretical yield of diacetylsphingine is 1.13 gm. 
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Pure triacetyldihydrosphingosine could not be obtained by recrystalliza- 
tion of the pyridine or ethanol residues. Accordingly the pyridine residue 
(1.06 gm.) was saponified with standard 90 per cent methanolic potassium 
hydroxide. It was necessary to warm the mixture to effect solution. After 
standing for 2 days, solid had separated from the solution. This solid was 
collected and dried to give 0.55 gm. of material melting at 120.5-122°, 
Titration of the filtrate indicated that 4.71 mm of acid had been formed 
during the hydrolysis. If the 1.06 gm. of solid were composed of 90 per 
cent triacetyldihydrosphingosine and 10 per cent diacetylsphingine, it 
should have given 4.74 mm of acid on hydrolysis. The 0.55 gm. of solid 
(m.p. 120.5-122°) was recrystallized from methanol to give 0.36 gm. of 
solid (m.p. 122-123°). A mixture of this material with authentic N- 
acetyldihydrosphingosine (m.p. 123—124°) melted at 122.3-123.5°. An ad- 
ditional 0.14 gm. of crude N-acetyldihydrosphingosine (m.p. 116—119°) was 
obtained on hydrolysis of the ethanol residue. 

In a second reduction experiment 10.93 gm. (10.13 mM) of hexaacetyl- 
phrenosin gave 3.23 mm of acid, corresponding to 32.0 per cent hydro- 
genolysis of the allylic acetate group. The neutralized solution was eva- 
porated to dryness, yielding a residue of 10.70 gm. This material gave a 
negative test for reducing sugar. Extraction of the lipide portion with 
hexane left 0.31 gm. of light gray solid. The theoretical yield of sodium 
acetate is 0.26 gm. 

These data, together with the results of the previous experiment, estab- 
lish conclusively that the water-soluble portion of the hydrogenolysis prod- 
uct consists of essentially pure acetic acid (isolated as the sodium salt). 


SUMMARY 


In the catalytic reduction of hexaacetylphrenosin, acetic acid, but no 
reducing sugar, is formed. The reduction product yields a mixture of 
sphingine and dihydrosphingosine on hydrolysis. These data establish 
that in the phrenosin molecule galactose is attached to the terminal carbon 
atom of sphingosine. 
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THE CLEARING RESPONSE OF ACTOMYOSIN 
TO ADENOSINETRIPHOSPHATE 


By SAMUEL 8S. SPICER 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, June 2, 1952) 


The fact that adenosinetriphosphate (ATP) causes precipitation and 
contraction (superprecipitation) of actomyosin from colloidal suspension 
was first observed by Szent-Gyorgyi (1). It is thought that superprecipi- 
tation provides an in vitro model of muscle contraction. However, skeletal 
muscle contains more than enough ATP to induce actomyosin contraction 
in vitro (1); thus the question arises how actomyosin remains uncon- 
tracted in vivo. Because of this consideration it seemed important to 
make a study of the reaction of actomyosin to ATP. The latter response 
has been found to occur as a two-stage reaction consisting of an initial 
clear phase, which would presumably correspond to relaxation, and oc- 
curs when the ATP concentration is high, followed by a second phase as 
the ATP is hydrolyzed. Under appropriate conditions the second phase 
occurs as a contractile precipitate at low pH, a non-contractile precipi- 
tate at neutral pH, and a firm gel at high pH. A réle in muscle function 
might then be assigned to factors determining the ATP requirement of 
these two types of reaction. Consequently, a study was made of the 
influence of factors such as pH, ionic strength, and inorganic constituents 
on the two phases of the actomyosin response to ATP. The results pre- 
sented here in detail have been briefly reported previously (2). 


Methods 


Myosin, free of actin and lipides and giving the reaction with actin and 
ATP characteristic of fresh myosin, was prepared as described previously 
(3). Polymerized actin (F-actin) was prepared according to Feuer et al. 
(4). ATP was obtained commercially. Water distilled in glass was used 
exclusively. 

The contractile precipitation, 7.e. superprecipitation, of myosin and 
actin with ATP was carried out at 26° + 2° in Wassermann tubes par- 
tially immersed in a glass water bath with flat sides. To approximately 
1 mg. of myosin in 0.1 ml. of 0.6 mM KCl was added 4 m KCl, and in some 
experiments 0.1 m MgSO, and 0.1 mM CaCl, to give the desired final concen- 
tration, followed by water to a total volume of 2 ml. Then approximately 
1 um of ATP was mixed in the solution after which 0.05 mg. of F-actin 


289 


Za- 
m 
ter 
ed 
er 
it 
id 
of 
] 
XUM 


290 CLEARING RESPONSE OF ACTOMYOSIN 


in 0.1 ml. of 0.1 m KCI was introduced and the components were mixed by 
two gentle inversions. It is important that the ensuing reaction be viewed 
in a lighting suitable to reveal turbidity. In these tests a sheet of black 
paper covered the back of the water bath up to the level of the menisej 
in the Wassermann tubes, and the bath was placed in front of a brightly 
illuminated white background. When the pH was not controlled by 
inclusion of histidine buffer, the solution had a pH of 6.7 + 0.1. 

Enzymatic activities were determined by 5 minute incubations of acto- 
myosin in the presence of excess ATP at 38°. The reaction was stopped 
by addition of trichloroacetic acid, and the orthophosphate was deter- 
mined by the Fiske-Subbarow procedure. 


Results 


Actomyosin without ATP—Below pH 9, diluted actomyosin at physio- 
logical salt concentration takes the form of a turbid opalescent non-set- 
tling suspension. The opacity of this suspension varies with pH, being 
greater at about pH 6 and 8 than at neutral reaction. Actomyosin forms 
a water-clear solution above pH 9 at physiological salt concentration 
(0.16 ionic strength). The pH at which the actomyosin goes into solu- 
tion decreases as ionic strength increases; thus at pH 7 the solution re- 
mains clear above an ionic strength of 0.4. Mg and Ca ions do not influ- 
ence the pH or ionic strength at which the actomyosin remains clear. 

Two Phases of Actomyosin Response to ATP—Under certain conditions 
the immediate result of the addition of ATP to actomyosin is a clearing 
of the turbid suspension. Viewed in proper lighting the actomyosin- 
ATP solution, during what is to be referred to as the clear phase, lacks 
any sign of turbidity. The mixture may here be either a colloidal sus- 
pension which has a bluish tinge or, at higher pH or ionic strength, a 
water-clear solution. Below pH 9 and at physiological salt concentration, 
a precipitate or a gel appears as the ATP concentration decreases through 
the enzymatic action of the proteins. The conditions favoring the clear- 
ing of actomyosin by ATP have been investigated. 

ATP Level and Clearing—A high initial level of ATP causes clearing 
(Table I), whereas a low level causes contraction (Table II). Clearing 
is promoted by increasing ATP concentration independently of ionic 
strength. ‘The tendency for the solution in the clear phase to look water- 
clear at high ATP levels and bluish at lower levels can be attributed to 
an action of ATP on the myosin alone, for the addition of actin has no 
immediate effect. 

Effect of Ionic Strength on ATP Requirement for Clearing and Contrac- 
tion—Although the ATP required to cause clearing of the solution decreases 
considerably with an increase in ionic strength (Table I), the amount of 
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ATP required for contraction is not affected by salt concentration (upper 
half of Table IT). 

Effect of Mg on Clearing and Contraction—The presence of Mg ions 
favors the clearing reaction (Table I) (5). Less than one-twentieth of 
the ATP is required to cause clearing when Mg is present at 0.17 ionic 
strength than is needed at 0.27 ionic strength with Mg omitted (compare 


TABLE I 
Time Required to Develop Precipitate or Gel at Varying ATP Concentrations 
The reaction mixtures contained the following: 2 mg. of myosin, KCl solution 
of the same K+ concentration as the ATP to make the final volume 2 ml., ATP, and 
0.5 mg. of F-actin. Ionic strength was computed for the initial point. A delay 
of 4 minutes or more indicates a distinct clearing response. 


| ATP, moles per liter 
| 


lonic strength | 4X10% 8 X10% 9X 10° | | 1.2 K 10% | 1.2 K 10%) 5 10 
No CaCl: or MgSOs “cach MgSO. 
min. | min. min. min. min. min. min. 
0.200 140 
0.265 4 
0.272 7 
0.279 20* 
0.285 4 40° 
0.305 
0.325 60"7 
0.345 | 40°F 
0.365 | 


*The solution which otherwise had a bluish tinge was water-clear in these in- 


stances. 
+ After the ATP was hydrolyzed, a gel formed in these tubes, whereas a con- 


tracted plug occurred in all the others except in the test with Mg. In the latter 
there was only slight contraction. 


Tables I and II). However, Mg decreases to only about one-third the 
amount of ATP required to cause contraction (Table II) (5). Conse- 
quently, with Mg, clearing occurs at a lower level of ATP than is needed 
for contraction, a reversal of the situation without Mg. The upper limit 
of ionic strength at which contraction occurs is depressed by Mg and de- 
creases with increasing pH with or without added Mg (Fig. 1). The 
solution has a bluish tinge in the Mg-induced clear phase. 

Effect of Ca on Clearing Response—Ca ions shorten the clear phase, 7.e. 
increase the ATP required for clearing (Table I) (5). This cation also 
opposes the action of ATP in rendering the solution colorless. Mg has 
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been found in additional experiments to have a similar effect. This 
action appears related to the elevation by either Ca or Mg of the pH level 
or ionic strength at which myosin forms a true solution.! 

Effect of pH on Clear Phase—As shown in Fig. 2, a change in pH mark- 
edly affects the duration of the clear phase in the presence of Mg. This 
cation brings out two trends: one showing acceleration of the onset of 


TABLE II 
Minimal ATP Requirement for Superprecipitation 
Iixcept for ATP concentration, the conditions resemble those in Fig. 1. The 
values for frontal dimensions of the plugs are in mm. and the duration of the clear 
phase in minutes. Buffer omitted; pH 6.5 in the test with Mg. 


= | | ATP, moles per liter 
Condition 2 | 
11 X 10-4 7.5 X 10-* | 3.7 x 10-4 
| 
No Mg 0.15 | Clear phase 0 0 0 —(0 
| Plugsize 11X6 13X7/16xX9 | * 
| | | | 
0.21 | Clear phase | 0 0 | 0 —~0 
| Plug size | 12 X 6 (“3x8 
| | ATP 
| | 10-8 3.7 x 10-8 | 1.8 x 107+ | OX 
0.0025 mM MgSO, Clear phase 17 5 
| Plug size * 
| | | 
0.17 | Clear phase . 35 18 11 «6 
| Plug size (6X5 /}17x9/| * 


* No contraction occurred; dimensions of the solution were 18 X 10 mm. 
+ Superprecipitation occurred in 2 stages; only the first clear phase is referred to. 


precipitation as the pH decreases below 7, and the other showing ac- 
celerated gelation as the pH increases above 8. Fig. 2 also reveals a tend- 
ency for the pH of the maximal and minimal reaction times to increase 
with decreasing ionic strength. Increasing the ionic strength usually 
retards the onset of contraction, but below pH 5.7 an increase of ionic 
strength accelerates contraction. 

The clear phase is followed by formation of a turbid contractile struc- 
ture in the acid and a transparent non-contractile gel in the alkaline pH 
region. A smaller plug (and a brighter one in reflected light) forms at 


1 Unpublished results. 
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the acid pH in the presence of Mg than at any pH in the absence of Mg. 
The weakly contractile granular turbidity at neutral reaction resembles 
that formed on addition of G-actin to a myosin-ATP solution without Mg. 

A rough correlation appears to exist between the effect of pH on the 
time required for precipitation and gelation (Fig. 2) and the adenosinetri- 
phosphatase (ATPase) activity of actomyosin in the presence of Mg 
(Fig. 3). That is, contraction occurs most quickly where ATPase activity 
attains a maximum at about pH 5.8. 

Fig. 4 shows that the pH effect on the time required for actomyosin to 
precipitate does not reflect simply the rate of removal of excess ATP, for 


EZ 


65+ 


pH 
L 


6.35 
6.1 
5.9F 


10 15 20 25 30 
IONIC STRENGTH 

Fic. 1. The relationship between the effect of ionic strength and pH on super- 

precipitation. The reaction mixtures contained 0.05 gm. per cent of myosin, KCl 

to give desired ionic strength, 0.05 m histidine buffer, 0.015 gm. per cent of F-actin, 

and 0.6 mm ATP. The light bars represent range of contraction in the absence of 

Mg; the solid bars represent range of contraction in the presence of 0.005 m MgSO,. 


the ATP level at which the reaction occurs varies with pH. The concen- 
tration of ATP when precipitation occurs is greatest at about pH 5.8, de- 
spite the fact that this is the pH at which hydrolysis of ATP occurs most 
rapidly. Conversely, the level of ATP when precipitation occurs is low- 
est at pH values at which actomyosin precipitates tardily and hydrolyzes 
ATP ineffectively. This is so, because between pH 5.5 and 9 there is a 
twenty- or thirty-fold variation in the actomyosin reaction time, but only 
a two-fold variation in ATPase activity. It will be noted in Fig. 4 that 
2.5 uM of phosphate were liberated eventually (at pH 7) from the 1.25 um 
of ATP in the system, presumably as a result of the presence of Mg and 
the myokinase which Laki and Clark have found to contaminate actin 
solutions (6). 
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Actomyosin Dissociation—Since it has been postulated that muscle re. 
laxation 7m vivo involves the dissociation of actin and myosin (1), the 
question was investigated whether or not actin and myosin are dissociated 
during the clear phase. In general, the appearance of the solution during 


A-WITHOUT Mg. 420.22 
B-WITH 
| 005 M Mg. SO4 
160; 
za 
/ 
so} 
4 


Sé 60 64 68 72 76 80 84 88 92 
pH 

Fic. 2. The pH dependence of the actomyosin reaction with ATP. Reaction 
mixtures contained in the following order of addition: 0.01 m histidine buffer of 
appropriate pH, 4 m KCl to give the intended ionic strength, 0.005 m MgSO, as 
stated, 0.1 gm. per cent of myosin, 0.625 mm ATP, and 0.025 gm. per cent of F- 
actin. pH was measured at the termination of the test. The ordinate represents 
time for turbidity or opacity to develop in the clear solution at pH values above 
6.0 and time for the opaque solution to begin contracting below pH 6.0. The curves 
represent an average of three experiments in which the variation did not exceed 
15 per cent. The final result is indicated as follows: solid line, maximal contrac- 
tion; dashes, incomplete contraction; dash and dots, fine granular precipitate, 
weakly contractile or non-contractile; dots, gelation. 


the clear phase suggests that the proteins are not associated, for it is ex- 
actly like that of a similar solution from which actin has been omitted. 
However, the following observations indicate that such is not the case: 
(1) at the highest pH at which gelation occurs in the presence of Mg and 
ATP, myosin or actin alone forms a water-clear and actomyosin a bluish 
solution; (2) extraneous material of slightly greater density than the 
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test solution introduced beneath the meniscus, e.g. 0.04 ml. of a suspension 
of actomyosin precipitate, settles out less rapidly in an actomyosin solu- 


09 
0.8 
0.7 
0.6 
0.5 


mn 


PO, LIBERATED/mg MYOSIN/S MIN. 


2) 


50 55 60 65 70 75 80 85 90 95 100 
pH 
Fic. 3. pH dependence of the ATPase activity of actomyosin in the presence 
of Mg. Conditions simulate those in Fig. 2 at 0.18 ionic strength, except that the 
myosin and actin were reduced by one-half. Four experiments were averaged to 
obtain the values presented. 


M LIBERATED 


pM ATP UNHYDROLYSED 


no 


55 60 65 70 75 60 65 90 
pH 

Fic. 4. Influence of pH on the ATP level at which actomyosin precipitation or 
gelation occurs. The experimental conditions simulate those in Fig. 2 at 0.18 ionic 
strength. The reaction was stopped with trichloroacetic acid when contraction 
was half complete (below pH 6) or when turbidity or opacity developed (above pH 
6), and the orthophosphate that had been liberated in the 2 ml. test volume was 
determined by the Fiske-Subbarow procedure. This experiment was confirmed. 


tion than in a comparable mixture lacking the actin; (3) myosin and 
actin, after standing together for 1 hour in the clear phase, contract very 
slowly when acidified, whereas a myosin control treated with actin at the 
end of the hour interval and then acidified contracts promptly; (4) the 
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experiment presented in Table III (typical of three such tests) shows 
that the actomyosin sediments more rapidly during the clear phase than 
does myosin, again indicating some type of association. 

The ultracentrifuge patterns of Fig. 5 provide evidence against dissocia- 
tion of actin and myosin in the clear phase at an ionic strength of 0.2. 
Here the myosin itself shows a component of high molecular weight (aggre- 
gate) together with a small amount of a light component (first row). More 
rapidly sedimenting particles and a more heterodisperse system are pres- 
ent, however, when actin is included (second row). An increase in ionic 
strength of 0.04 unit eliminates the myosin aggregate, replacing this with 
a component like that which gives the slow, hypersharp boundary usually 
observed with myosin in 0.6 m KCl (third row). At 0.24 ionic strength 


TABLE III 


Sedimentation of Actomyosin during Clear Phase As Compared with Myosin 
and Actin 


The reaction mixtures contained myosin and actin as indicated, 0.6 mm ATP, 
0.005 mM MgSQO,, and KC] to give an ionic strength of 0.17. The tubes lacking myo- 
sin or actin received an equivalent volume of 0.6 M KC] and 0.1 m KCl, respectively. 
The tubes were centrifuged for 20 minutes at 3000 X g immediately after prepara- 
tion, decanted, and analyzed for N content by the Kjeldahl procedure. The re- 
sults are expressed as total N content in mg. 


Myosin : Actin | Myosin + actin 


in the presence of Mg and ATP the actomyosin resembles the myosin, as 
has formerly been observed for actomyosin-ATP solutions in 0.6 m KCl 
(7) (fourth row). The solutions for Fig. 5 appeared nearly water-clear 
at 0.24, but showed a bluish tinge at 0.20 ionic strength. Both actomyosin 
solutions formed strong gels after disappearance of the ATP. Similar 
actomyosin solutions not treated with ATP form opaque suspensions which 
sediment with 5 minutes centrifugation at 1500 X g. 

Anion Influence—The preferential adsorption of anions, as indicated 
by the reciprocal relationship between pH and salt concentration (Figs. 
1 and 2), was investigated by measuring the ionic strength at which gela- 
tion occurs with different salts. The results in Fig. 6 emphasize the im- 
portance of anion adsorption. The gel zone is much narrower and occurs 
at greatly reduced ionic strength with the iodide. However, cations also 
modify somewhat the ionic strength where the gel forms. This is in 
agreement with Sarkar’s studies which indicated adsorption of anion in 
excess of cation (8). 
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Fic. 5. Sedimentation diagram of actomyosin and myosin under conditions of 
the clear phase. 1 ml. of reaction mixture contained 2.7 mg. of myosin and 0.8 
mg. of F-actin as indicated. The initial concentration of ATP was 0.002 m, that 
of MgSO, 0.005 m. The F-actin solution was replaced by an equivalent amount of 
0.1M KCl in the myosin runs. First and third rows show myosin at 0.2 and 0.24 
ionic strength, respectively. Second and fourth rows show actomyosin at 0.2 and 
0.24 ionic strength. In the first two rows the first exposure was made at 5, the sec- 
ond at 8, and the third at 20 minutes when the speed attained was 25,000 r.p.m. for 
the first and 48,000 r.p.m. for the last two exposures. In the bottom two rows the 
exposures were made 2, 32, and 64 minutes after attaining a speed of 59,780 r.p.m. 
A repeat run gave similar results. 


DISCUSSION 


At the ATP and KCl concentration of muscle and at neutral pH the 
absence or presence of Mg determines whether the actomyosin is contracted 
ornot. The normally relaxed state of muscle may thus be accounted for. 
In this connection it is of interest that Bozler obtained relaxation of con- 
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tracted glycerol-treated muscle fibers by increasing the ATP concentration 
in the absence of Ca (9). 

Whether at the low salt concentration of these tests actin and myosin 
are dissociated during the clear phase is not certain. Whatever the 
mechanism, clearing occurs on a more non-specific basis than does con- 
traction. ATP acts in this regard more potently than KCl, but the solu- 
tion will remain clear above a critical ionic strength for a given pH. The 
dissociation of actomyosin also occurs on a less specific basis than contrac- 
tion, according to Szent-Gyérgyi. Thus the proteins are apparently 
dissociated at 2 mM KCl without ATP, since here the nucleotide has no 
effect on viscosity (1). From light-scattering studies (10) it is certain 
that the diluted proteins are not dissociated at 0.4 to 0.6 m KCl in the 
absence of ATP when they form a clear, colorless solution. 


T T y T T T 
SOLUTION 
KI 
PLUG 
10 .20 .30 .40 .5O 


IONIC STRENGTH 


Fic. 6. Concentration of salts at which actomyosin gels. The reaction mix- 
tures contained 0.1 gm. per cent of myosin, 0.03 gm. per cent of F-actin, 0.5 mm 
ATP, 0.04 m KCl, and additional salt as shown. The values represent an average 
of two tests. 


It is possible that during the clear phase small actomyosin units are 
present which build up a network at the termination of the clear phase. 
It may be postulated that a different type of aggregation exists for these 
units at acid and alkaline pH; hence in the presence of ATP a turbid con- 
tractile network forms in the acid and a transparent rigid network in the 
alkaline region. An equilibrium established between these types of asso- 
ciation could provide a basis for both the low ATP requirement for the 
clearing response at neutral reaction in the presence of Mg and the fine 
non-contractile precipitate that follows the clear phase after hydrolysis 
of the ATP (Fig. 2). This precipitate, which is similar in form to that 
produced on addition of G-actin to a myosin-ATP solution in the absence 
of Mg, reflects the lack of either type of aggregation. However, the pre- 
sumed failure of network formation here coincides with the virtual dis- 
appearance of ATP by the time the proteins are discharged. Previous 
studies suggested a mediation of cross-links in the network by ATP (5). 
The pH influence on the type of actomyosin network bears a striking 
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analogy to that on the fibrin clot, since at low pH a turbid clot with con- 
tractile properties forms, while at high pH a transparent rigid gel results 
(11, 12). In this case it has been shown that the network builds up on a 
basis of preliminary side by side association of fibrinogen molecules at the 
low and end to end association at the high pH (13). 

With the exception of Mg, factors which favor the clearing reaction also 
enhance the solubility of myosin. Mg as well as Ca (Table II) decreases 
the solubility of myosin by raising the ionic strength or pH at which the 
myosin forms a true solution.! Mg fails to lower the ionic strength or pH 
at which actomyosin forms a clear solution without ATP. Moreover, 
when the clear phase is prolonged 40 minutes by high ATP concentration 
or ionic strength, the actomyosin solution appears water-clear, but in the 
even more prolonged Mg-induced clear phase it shows a Tyndall effect 
(Table I). Therefore, the clear phase with Mg differs from that at high 
pH, ionic strength, or ATP concentration in not being associated with 
increased myosin solubility. 

At pH 9 Mg inhibits the ATPase activity of myosin but augments the 
breakdown of ATP at 100° (14). The Mg effect on the clearing of acto- 
myosin by ATP and its predominance over the Ca effect (5) cannot be 
interpreted in terms of an action on either the proteins or the nucleotide 
directly. It must then be explained on the basis of the properties of the 
Mg-ATP-protein complex. One factor involved is the enhanced dissocia- 
tion of the terminal OH group of ATP in the presence of Mg (14). The 
nucleotide-metal complex carries four rather than three negative charges 
just below neutral pH. The adsorption of the polyvalent anion to the 
negatively charged protein could be visualized as being at least facilitated 
by the positive charge imparted to myosin by Mg (15). However, Ca 
ions also increase the negative charge on the nucleotide and impart a 
positive charge to myosin, but Ca increases whereas Mg decreases the 
ATP requirement for either the clearing or the contraction of actomyosin. 


SUMMARY 


1. At low ionic strength a high concentration of adenosinetriphosphate 
(ATP) renders a turbid suspension of actomyosin clear; a low concentra- 
tion of the nucleotide causes contraction or gelation. " 

2. The ATP requirement for clearing decreases greatly in the presence 
of Mg and decreases moderately with an increase in ionic strength. The 
ATP concentration needed for contraction decreases only moderately in 
the presence of Mg and does not vary with a change of ionic strength. 
Ca increases the level of ATP required for clearing. 

3. When Mg is included in the reaction mixture, the ATP requirement 
for clearing has a minimum at neutral pH and increases in both the acid 
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and alkaline regions. The ATPase activity of the solution has a somewhat 
similar pH dependence. The Mg-induced clear phase is followed by the 
appearance of a turbid contractile precipitate at acid, a granular nop. 
contractile precipitate at neutral, and a transparent rigid gel at alka- 
line pH. 

4. From the results obtained it is regarded as unlikely that actin and 
myosin are dissociated during the clear phase below ionic strength 0.24. 

5. The evidence presented to indicate preferential adsorption of anions 
by actomyosin includes (a) the increase in ionic strength where contrac. 
tion occurs with decrease in pH, (b) the increase in pH for the maximal 
and minimal ATP requirement for clearing with decreasing ionic strength, 
and (c) the low ionic strength at which gelation occurs with KI as the 
predominant salt. 


The author is grateful to Dr. W. R. Carroll for aid with the ultracentri- 
fuge runs and to Virginia K. Weise for assistance with technical aspects 
of this work. 
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PHOSPHATE COMPLEX AND THE ACTOMYOSIN 
REACTION TO ADENOSINETRIPHOSPHATE 
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The muscle proteins myosin and actin take the form of a colloidal solu- 
tion under certain conditions. Thus, if Mg ions and adenosinetriphosphate 
(ATP) are present, actomyosin forms a clear colloidal solution at physio- 
logical salt concentration and neutral pH. This has been referred to as 
the clear phase of the superprecipitation reaction (1). The proteins react 
to ATP with formation of a turbid and contractile structure at acid pH 
and a transparent and rigid gel at alkaline pH. Inorganic pyrophosphate 
provides an example of a compound that will induce such a transition of 
actomyosin from a clear solution to a turbid contractile structure in the 
presence of ATP and Mg. 


EXPERIMENTAL 


The method of preparing myosin and actin and observing the reaction 
of these proteins to adenosinetriphosphate has been described in detail (1). 

Effect of Pyrophosphate on Clear Actomyosin-M g-A TP System—As shown 
in Table I, the actomyosin clearing response to ATP persists for | hour in 
the presence of Mg until the ATP is hydrolyzed and the proteins form a 
weakly contractile precipitate. When inorganic pyrophosphate is in- 
cluded, complete contraction occurs in a few minutes. There are three 
reasons for believing this to be due to a drop in pH: (a) It has been shown 
elsewhere that a drop in pH will terminate the Mg-induced clear phase 
(1), and evidence for this 1s included in Table I. A commensurate pH 
shift occurs on inclusion of pyrophosphate (Table I). This observed pH 
shift is due to complex formation between pyrophosphate and cation. 
The effect of alkaline earths on the pH of polyphosphate solutions was 
pointed out by Frankenthal (2) and has been investigated by Van Wazer 
and Campanella who obtained a coordination number of 2 for Mg (3). 
(6) Pyrophosphate action in terminating the clear phase in the acto- 
myosin-ATP-Mg-Ca system has been found to be optimal at one-half the 
Mg concentration and one-fourth the combined Mg and Ca concentra- 
tions. (c) The plug of precipitate formed has the characteristics of acto- 
myosin which has contracted in the presence of Mg. That is, it is smaller 
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and brighter in reflected light than are actomyosin plugs formed in the 
absence of Mg. The enhanced contraction with Ca and pyrophosphate 
present has been shown to be due to the greater pH shift that occurs on 
inclusion of that cation, for Ca has no effect if the clear phase is termi- 
nated by adding dilute HCl. Although Ca opposes the clearing response 
of actomyosin to ATP (1), its effect is counteracted by equimolar Mg 
(Table I) (4). 

Table I also demonstrates that pyrophosphate has an inhibitory effect 
on superprecipitation with Mg omitted. Inorganic pyrophosphate and 


TABLE I 
Pyrophosphate Antagonism of Mg-Induced Clear Phase 


The reaction mixtures contained 1.2 mg. of myosin, 0.13 m KCl, water to make 
the final volume 2 ml., 0.4 mg. of F-actin, and 1 um of ATP. The concentration of 
Mg or Ca was 0.005 M, that of K4P2O7 0.0025 mM, and that of HCI 6 XK 10°‘ a. 


| | | | | IMg + | 
Addition None | KeP20; | Mg Mg + | fat 
j 4 7 
Duration of clearance, min........ 


Plug dimensions, mm.............9 X 610 X 6 


pH after superprecipitation....... (6.8 6.8 


| 
| 60 60 | 15 3T 
| 6.6 | 


6.6 6.25.9 5.9 


* Since complete clearing did not occur in this case, the value represents time 
for contraction to begin. 
t The clear solution developed turbidity soon after final addition of K4P2O; or 
HCl and the value indicates time when contraction began. 
t The fine precipitate appearing abruptly after hydrolysis of the ATP contracted 
only slightly. 
§ The coarse precipitate contracted about half-way. 


tripolyphosphate do not cause contraction or gelation in the absence of 
ATP, with or without added Mg. 

Inorganic tripolyphosphate (NagP3;0,0) and hexametaphosphate (Nas 
(POs3).) also cause plug formation when added to the clear actomyosin- 
ATP-Mg-Ca system. Adenosinediphosphate (ADP) causes precipitation 
without contraction at the concentration found effective for pyrophos- 
phate and causes superprecipitation at triple this concentration. Since 
no appreciable pH drop occurs on addition of ADP, this nucleotide ap- 
parently terminates the clear phase by directly counteracting Mg. Thi- 
amine pyrophosphate prolongs the clear phase and does not cause a pH 
change in this system at concentrations up to 5 times that of K4P:0; 
found to cause contraction. 

In Fig. 1 the cross-hatched areas show that precipitation occurs at a 
lower ATP concentration (7.e. after more of the ATP has been hydrolyzed) 
when Mg is present. The ATP concentrations at which precipitation oc- 
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curs are approximately equivalent in the Mg-free system and in that 
containing Mg plus pyrophosphate. For this reason and because the 
Mg inhibition of the ATPase activity of actomyosin is only partially 
counteracted, the accelerating action of pyrophosphate on superprecipita- 
tion does not reflect simply an accelerated removal of the excess ATP. In 
this figure the pyrophosphate curve was corrected for the relatively strong 


Mg +K, P, 


1.2 
oc 
4 
= 4 
10 20 30 


MINUTES 


Fic. 1. The influence of Mg and pyrophosphate on the ATP concentration at 
which superprecipitation occurs. An actomyosin-ATP solution as in Table I, pre- 
pared in 20 times greater volume, was made 0.005 m with Mg or 0.0025 m with 
K,P,0; as shown. Aliquots removed at intervals were precipitated with 5 per cent 
trichloroacetic acid, centrifuged, and measured for orthophosphate by the Fiske- 
Subbarow procedure. The cross-hatched areas indicate the time at which pre- 
cipitation was occurring. Contraction did not occur because solutions were dis- 
turbed by sampling. 


Mg-activated pyrophosphatase activity of actin solutions' by subtract- 
ing the phosphate liberated in an ATP-free control. As a result of myo- 
kinase contamination, a 2nd mole of orthophosphate was eventually liber- 
ated per mole of ATP when Mg was present. 

ATP-Mg Complex—Complex formation between the nucleotide and 
Mg could play a réle in the mechanism whereby this cation prolongs the 
clearing response of actomyosin to ATP. Neuberg and Mand] showed 
evidence for an ATP-Mg complex in the increased solubility of the car- 


1 Unpublished results. 
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7.20F 
7.00 
680 AMP +Mg 
& 660 
THIAMINE 
6.40 
g 
6.20+ ADP +Ca 
ATP +Ca 
OOF 
K4P207 + ATP 
5.80 Mg AILPt+ 


20x10-* 40xI0~* 
MOLARITY OF Mg OR Ca 
Fic. 2. pH change on addition of bivalent cations to pyrophosphates. Nucleo- 
tide concentration was 0.0025 m. Curve with both MgSO, and CaCl, is based on 
combined concentration of these ions. 


ACTOMYOSIN + ADP 


0 


0.1 
ACTOMYOSIN + ATP 


Oo 
Os 


x05 ACTOMYOSIN + ATP + CALCIUM 
ACTOMYOSIN OR MYOSIN+ ATP + 


OS MAGNESIUM 
4 
ACTIN +ATP + MAGNESIUM OR ATP + | 


MINUTES 
Fic. 3. pH change during superprecipitation. The reaction mixtures con- 
tained the following in order of addition: 0.1 gm. per cent of myosin, 0.21 m KCl, 
water, 0.025 gm. per cent of F-actin, 1.25 mm ATP, and 0.005 m MgSO, or CaCl: as 
indicated. 


bonates and phosphates in 0.2 m ATP solution (5). At lower nucleo- 
tide concentrations, complex formation is also indicated by the following: 
(1) the increased hydrolysis of ATP at 100° in the presence of equimolar 
Mg or Ca above pH 7, and (2) the pH drop on addition of the bivalent 
cation (Fig. 2). The pyrophosphate link, it appears, is essential for 
formation of the metallo-nucleotide complex, and ATP, with two possible 
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pyrophosphate metal combinations, has a stronger complex-forming power 
thn ADP. Mg appears to form a complex more readily than Ca. How- 
ever, this cannot explain the fact that, in combination, the influence of 
Mg on ATPase activity and superprecipitation predominates over that 
of Ca (Table I) (6), because the pH change with a mixture of Ca and Mg 
lies midway between that for either metal alone. Titration curves show 
that the purine portion of the molecule does not appear to be involved, 
for the dissociation of the NH, group in position 6 (pK 4) is not affected 
by Mg, but that of the terminal hydroxyl of inosinetriphosphate is in- 
creased. The pH drop during superprecipitation with Ca or Mg present, 
shown in Fig. 3, can obviously be explained on the basis of the pH changes 
shown in Fig. 2. Without the bivalent cations the pH falls gradually as 
a result of the formation of an —OH group witha pK near 7 upon hydroly- 
sis of the third phosphate of ATP. 


DISCUSSION 


A compound such as inorganic pyrophosphate, which can be formed 
by known enzymatic reactions (7) and, in our experience, is hydrolyzed 
by actin solutions, may well function in the contraction cycle in vivo. 
The presence of Mg in muscle extracts, however, precludes the possibility 
of demonstrating any substance therein capable of terminating the clear 
phase, for we have found that aqueous muscle extracts affect superpre- 
cipitation as does a 0.01 to 0.005 m solution of MgSO,. The experiment 
of Table I provides the only situation thus far encountered in which Ca 
ions have an effect on the actomyosin-ATP reaction in the presence of 
equimolar Mg ions. ‘This is of some interest inasmuch as Ca causes con- 
traction of isolated muscle fibers (8). 


SUMMARY 


Inorganic pyrophosphate, tripolyphosphate, and hexametaphosphate in- 
duce contraction in the actomyosin-ATP system rendered clear by the 
presence of Mg. ‘This contraction can be attributed to the drop in pH 
caused by complex formation between Mg and the polyphosphate. The 
complex formed by ATP and Mg causes less of a pH drop. 
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THE ORIGIN OF THE O- AND N-METHYL GROUPS OF THE 
ALKALOID RICININE* 


By M. DUBECK# 8. KIRKWOOD 


(From the Department of Chemistry, McMaster University, Hamilton, Canada) 
(Received for publication, June 26, 1952) 


There is a rapidly increasing body of evidence in the literature indicating 
that all biological methylation processes have a common pattern. It has 
recently been shown that the methyl groups of the alkaloids hordenine 
(1, 2) and nicotine (3) have the same origin as the so called labile methyl 
groups in animal metabolism. Kirkwood and Marion (2) have reported 
that the methyl groups of both hordenine and choline synthesized by the 
barley plant are derived from formate carbon. There is, however, no 
transfer of labeled choline methyl to hordenine. Brown and Byerrum (3) 
have reported that both the methyl carbon of methionine and formate 
carbon serve as precursors of the N-methyl group of the alkaloid nicotine. 
These authors postulate that formate serves as a precursor of the labile 
methyl groups in the plant which undergo transmethylation to nicotine. 
Matchett, Marion, and Kirkwood! have investigated the réle of methi- 
onine in the origin of the methyl groups of hordenine. The administration 
of C'-methyl-labeled L-methionine to barley plants results in a high activ- 
ity in the methyl groups of this alkaloid and of choline. Thus in barley 
there is a rapid transfer of methyl groups from methionine to hordenine 
and choline, but no transfer of the methyl group from choline to methionine 
such as has been shown to occur in animals (4). This work, along with 
that of Brown and Byerrum, points to methionine having a key position 
in the synthesis and transfer of the labile methyl group in plants. Enzyme 


==N 


CH; 
(1) 


*This work was supported by a grant from the Rockefeller Foundation. 
t Holder of a scholarship from the Research Council of Ontario. 
‘Matchett, T. J., Marion, L., and Kirkwood, S., unpublished data. 
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experiments conducted with rat liver preparations have already pointed to 
a similar key réle for methionine in transmethylation in the animal (5, 6), 

The purpose of the present investigation was to extend this work to the 
O-methyl group, which is a common grouping in structures synthesized by 
plants. The alkaloid ricinine (I) is elaborated by the germinating castor 
bean (/icinus communis) (7) and contains both an O- and an \-methy] 
group. Thus this alkaloid serves as a convenient material to determine 
any similarities or differences in the origins of the two types of methyl 
groups.” 

EXPERIMENTAL 


Measurement of Radioactivity—All radioactive compounds were measured 
as thin layers in a Nuclear Instrument Q gas counter and appropriate 
corrections were made. 

Labeled Compounds—-C'*-Methyl-labeled choline chloride was prepared 
by the method of du Vigneaud et al. (9). L-C'-Methyl-labeled methionine 
was synthesized by the method of Melville, Rachele, and Keller (10). 
C'4_labeled sodium formate was prepared by a modification of the method 
of Melville et al. (10), which was better adapted to the use of sodium 
carbonate as the labeled starting material. This method will be described 
elsewhere. All syntheses commenced from C'-labeled sodium carbonate 
supplied by Atomic Energy of Canada, Limited. 

Germination of Seeds and Administration of Labeled Materials—A 360 
gm. sample of R. communis beans was evenly divided among six 20 X 25 
em. Pyrex trays. The beans were placed in a cabinet maintained at 25° for 
4 days, during which time they were kept moist with distilled water. At 
the end of this time germination was wide-spread, as evidenced by splitting 
of the testa of the beans. They were then thoroughly washed with distilled 
water, returned to clean trays, and covered with a uniform layer of 100 gm. 
of vermiculite* per tray. The vermiculite was kept damp with distilled 
water and the trays were maintained, in the dark, at 25° in the germination 
cabinet. The labeled materials (choline chloride, sodium formate, and 
methionine) were administered, dissolved in this daily water ration, and 
the total activities and amounts fed were divided evenly over a period of 
14 days.‘ On the 18th day of germination, when the etiolated seedlings 


2 While this work was being completed, Byerrum and Flokstra (8) reported that 
the methyl carbon of methionine served as a precursor of the O-methyl groups of 
barley lignin. 

$ Vermiculite is an expanded mica that serves as an inert supporting material for 
the roots of the seedlings. 

4 It was established by using lightly labeled material that the plants absorbed all 
three substances through their root systems and translocated C activity along the 
hypocotyl. The plants at no time showed any toxic effects from the administration 
of these substances. 
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were 15 to 20 cm. in height, they were harvested by cutting just above the 
root. The roots and endosperms were discarded since they have been 
shown to contain little if any ricinine (7) and the hypocotyls and cotyledons 
were dried at 100°. 

[solation and Purification of Alkaloid—TYhe alkaloid was isolated from 
the dried hypocotyls and cotyledons by the method of Weevers (7). The 
yields were invariably close to 3 per cent of the dried material. The 
alkaloid was purified by alternate sublimations under a vacuum (0.03 mm.) 
at 195° and recrystallizations from methanol and ethanol-ether mixtures 
until its specific activity reached a constant value. This material had a 
melting point of 200—201° (corrected). The melting point of a mixture of 
this material with an authentic sample of ricinine was 200—201° (corrected). 

Degradation of Labeled Alkaloid—The O-methy] group was removed from 
the alkaloid essentially by Pregl’s (11) method for the determination of 
alkoxyl groups. A 50 mg. sample of ricinine was refluxed with 15 ml. of 
hydriodic acid (specific gravity 1.7) for 2 hours. The liberated methyl 
iodide was swept by a slow stream of nitrogen through a sodium thiosulfate- 
cadmium sulfate scrubber and was caught in two traps containing a 5 
per cent ethanolic solution of trimethylamine cooled to —70° in a dry 
ice-acetone bath. After a thorough flushing with nitrogen, the traps were 
allowed to warm up to room temperature and the solutions then allowed 
to stand overnight to insure complete conversion of the methyl! iodide to 
tetramethylammonium iodide. The contents of the two traps were com- 
bined, 0.5 gm. of potassium hydroxide was added, and the solution evapor- 
ated to dryness in vacuo. The purpose of the potassium hydroxide was to 
remove any possible contamination with trimethylammonium iodide. The 
residue was taken up in water, neutralized with hydrochloric acid, and the 
quaternary ammonium ion precipitated as the reineckate. ‘The yield of 
tetramethylammonium reineckate was 95 per cent of the theoretical. 

The N-methyl group was obtained from the residue of the above hy- 
driodic acid reaction by using the method of Pregl (11) for the determina- 
tion of methylimino groups.® 2 drops of a 10 per cent solution of gold 
chloride and 60 mg. of ammonium iodide were added to the reaction 
mixture, which was immediately taken to dryness and decomposed ther- 
mally at 320° for 30 minutes. The thermal decomposition was then re- 
peated as described by Pregl (11) and the total liberated methyl iodide 
obtained as tetramethylammonium reineckate, as described in the case of 
the O-methyl group. The yield of N-methyl in the form of tetramethyl- 


‘It was shown by experiments on unlabeled material that the methods described 
gave a sharp distinction between the O- and N-methyl groups in this compound. 
Prolonged refluxing with hydriodic acid after the 2 hour period used to obtain the 
0-methyl group gave no further methyl] iodide. In view of this, it is felt that there 
is no possibility of contaminating one grouping with the other. 
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ammonium reineckate was consistently between 60 and 70 per cent of the 
theoretical. 

The samples of tetramethylammonium reineckate were purified to con- 
stant specific activity by repeated decomposition and reprecipitation of the 
reineckate in water according to Kapfhammer and Bischoff (12), alternat- 
ing with precipitation in ethanol as the chloroplatinate followed by 
decomposition with hydrogen sulfide. The material was counted as a thin 
layer of the reineckate prepared by evaporating an acetone solution. 

The activities of the compounds are shown in Table I. 


TABLE I 
Metabolite administered | Specific activity, c.p.m. per mm 
O-Methyl as  N-Methyl as Sum of activi- 
| reineckate __—srreineckate groups 
c.p.m 
t-Methionine.... 230 3.0 10’ 6.48 3.06 | 3.2 6.29 


ike +0.18 X 104 40.14 X 1040.15 X 10440.21 x 10 
Choline chloride. 60 3.0 X 107 0 | | 


Potassium bi- | | | 
carbonate.....| 60 X 107 O | 
Sodium | | 
formate....... 17 7.0 X 10") 0 | 
DISCUSSION 


It is seen from the results in Table I that the methyl carbon of meth- 
ionine serves as a precursor of both the O- and the N-methyl groups of the 
alkaloid ricinine. The activity of these two groups accounts, within the 
limits of experimental error, for all the activity in the molecule. The fact 
that both groups have comparable activity points to the fact that the 
enzyme system or systems responsible for the transfer of the methionine 
methyl carbon to the hydroxyl group must be of comparable activity to 
that transferring the methyl carbon to the amino group. The failure of 
bicarbonate and choline methyl carbon to serve as precursors for the O- 
and N-methyl! groups is not surprising in the light of previous work. Kirk- 
wood and Marion (2) have reported similar results with the alkaloid 
hordenine. Reasoning from the evidence in the literature on the synthesis 
of the labile methyl group in animals, one would not expect bicarbonate to 
be a precursor. The fact that choline methyl is also not a precursor is 
also not entirely unexpected. Work with liver homogenates indicates that 
in animals choline must be oxidized to betaine before its methyls can be 
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transferred (13, 14). It is possible that the two plants worked with 
(Hordeum distichum and R. communis) lack the enzymic apparatus neces- 
sary to carry out this oxidation. The inability of bicarbonate and choline 
methyl to serve as precursors cannot be due to the failure of these sub- 
stances to enter the plant, since trial experiments show that they, as well 
as formate, enter the root system and are translocated along the hypocotyl. 
The failure of formate carbon to serve as a precursor of the methyls is 
somewhat surprising in view of the fact that it has been reported to serve 
as a precursor of the N-methyl groups of hordenine in barley (2), the 
N-methyl group of nicotine in the tobacco plant (3), and the O-methyl 
groups of barley lignin.” The authors feel that the inability of formate 
to serve as a precursor in the present case is probably due to the state of 
development of the Ricinus plants at the time of the experiment. The 
plants received tracer from the 4th to the 17th day of germination and 
were kept in the dark for the whole period. Since the seedlings have a 
very adequate supply of both fat and protein in their endosperms, it 
appears to us to be quite possible that they depend entirely on the endo- 
sperm for their labile methyl supply. At the end of the 18 day period, 
the endosperms appear to be still functional and probably the plants do 
not develop the synthesis of methionine from formate until the endosperms 
have dropped off and photosynthesis has begun. The uniform behavior of 
methionine methyl as the precursor of the various methyl groups found 
in plants clearly indicates that this substance occupies a key position in the 
labile methyl metabolism of the higher plants. This also lends support 
to the idea of Brown and Byerrum that formate serves as a precursor of 
methionine methyl, which is then transmethylated as in the case of ani- 
mal metabolism. 


SUMMARY 


The origin of the O- and N-methyl groups of the alkaloid ricinine has 
been investigated by feeding germinating seeds of Ricinus communis C'- 
methyl-labeled methionine and choline and C-labeled sodium formate. 
Only in the case of methionine is the alkaloid appreciably labeled. It has 
been shown to be labeled only in the O- and N-methyl groups and these 
groups appear to have approximately equal activity. The significance of 
these findings to the origin of the O-methyl group and the labile methyl 
metabolism of the higher plants is discussed. 


The authors are indebted to Dr. C. K. Whitehair and Dr. D. C. Van 
Horn of the Oklahoma Agricultural Experiment Station, Stillwater, Okla- 
homa, who kindly supplied the castor beans used in this experiment. 
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CORRELATION BETWEEN THE ACTION OF PANCREATIC 
DESOXY RIBONUCLEASE AND THE NATURE 
OF ITS SUBSTRATES* 


By CHRISTOPH TAMM,t HERMAN 8S. SHAPIRO, anp ERWIN CHARGAFF 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York, New York) 


(Received for publication, May 12, 1952) 


In a previous paper from this laboratory (1) it has been shown that mild 
degradation of desoxypentose nucleic acid (DNA) by acid, under well 
controlled conditions, leads to the almost quantitative formation of a non- 
dialyzable product, designated as apurinic acid (APA), that is deprived of 
the purines but of none of the phosphorus of the DNA, without impair- 
ment of the original interpyrimidine ratios. The present publication, as 
did the preceding one, deals with the APA of calf thymus DNA, but the 
degradative reactions are not limited to this nucleic acid. It was pointed 
out that the study of many aspects of DNA structure and behavior may 
derive some advantage from a consideration of degradation products of 
this type. 

As a first approach, the action of crystalline pancreatic desoxyribonu- 
clease (2, 3) was studied, since it appeared of interest to correlate substrate 
structure and susceptibility to enzymatic attack. The rate of disinte- 
gration to dialyzable fragments of intact DNA was compared with that of 
a series of denatured (4) and partially degraded DNA preparations and, 
finally, with that of APA itself. Some of the conclusions concerning the 
relationship between the activity of desoxyribonuclease and the structure 
and composition of its substrates have been summarized in a brief com- 
munication (5). It has long been known that magnesium ions are required 
for the full enzymatic activity of pancreatic desoxyribonuclease (6). Ob- 
servations on the réle of this divalent cation in the breakdown of DNA, 
APA, and intermediate products led to the discovery of unexpected effects 
which are also presented here. 


EXPERIMENTAL 
Substrates 


Desoxyribonucleic Acid—Four highly polymerized preparations of the 
sodium salt of DNA from calf thymus, designated as DNA, Preparations 1 


* This work has been supported by research grants from the National Institutes 
of Health, United States Public Health Service, and from the Rockefeller Foundation. 

t Fellow of the Schweizerische Stiftung fiir Stipendien auf dem Gebiete der 
Chemie, 1950-51. Present address, Organisch-Chemische Anstalt der Universitit, 
Basel, Switzerland. 
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to +, were employed. Preparations | and 2 were described in a previous 
publication (1), where they were listed as T-DNA Preparations 1 and 3 


TABLE [| 
Composition of Substrates 


| Preparation* 
IDNA, No. 3IDNA,No.4| E F  |APA,No2 
4.7 .| 184 14.4 8.8 6.8 
8.3 8.8 10.4 10.5 10.6 
Tete 3.9 3.4 3.1 1.9 1.4 
Color yield with diphenylamine as | 
% of standard DNA............, 98 98 120) | Mit 
Moles per mole P 
0.47 0.23 0.06 0 
0.2 , 0.27 | 0.2 0.26 0.27 
Total pyrimidines.............. | 0.45 | 0.48 | 0.43 | 0.45 0.47 
Molar ratios 
Balances, % of DNA constituent recovered in product — 
| 100 92 96 


* The figures refer to the dry preparations. The moisture contents of the sub- 
stances, in the order in which they are listed, were 10.9, 12.1, 10.9, 12.4, 9.3 per cent. 
+t The values were corrected for the loss in weight due to the removal of purines. 


respectively. The isolation of Preparations 3 and 4 followed previously 
described procedures (7). Their composition is summarized in Table I. 

Denaturation Products—Substances whose preparation caused interfer- 
ence with the physical properties, but not with the chemical composition, 
of the parent DNA will be listed under this heading. Three specimens of 
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this type were employed. Preparation B was obtained, when a 0.2 per 
cent solution of DNA Preparation 3 in water was brought to pH 11.8 by 
the addition of 2 Nn NaOH, kept at this pH for 1 hour at 25°, and readjusted 
to pH 7.5 with 1 N HCl. When a similar DNA solution was maintained 
at pH 2.95 for 1 hour at 25° and brought back to pH 7.5, Preparation C 
was obtained. Substances of this type are known to be depolymerized 
without perceptible change in their composition; they are capable of re- 
polymerization, regaining considerable, though highly thixotropic, viscosity 
(4). A product of a more extensive denaturation is represented by Prepara- 
tion D, formed when DNA Preparation 1 was kept in glycine buffer of 
pH 2.86 for 24 hours at 37°. Details of this preparation have been given 
before; it was listed as a degradation product, Experiment 2, in Tables II 
and IV of a previous publication (1). 

Degradation Products—The substances listed in this section were deprived 
of a portion of the purines. Preparation E was prepared by maintaining 
223 mg. of DNA Preparation 2 (lyophilized, moisture content 12.9 per cent) 
suspended in 100 cc. of 0.1 mM glycine buffer of pH 2.3 for 24 hours at 37°, 
when all but a trace had gone into solution. After dialysis against 0.1 m 
borate buffer of pH 7.2 (25 hours, 4°), running tap water (24 hours), and 
distilled water (24 hours, 4°), the preparation was recovered by lyophili- 
zation ; it weighed 180.6 mg. (moisture content 10.9 per cent), corresponding 
toa yield of 91 per cent after correction for moisture and the loss in weight 
due to the partial removal of purines. For the isolation of Preparation F, 
404 mg. of DNA Preparation | (moisture content 9.4 per cent) were sus- 
pended in 220 cc. of aqueous hydrochloric acid of pH 1.7 and kept for 26 
hours at 36°; after dialysis, as described for the preceding preparation, and 
lyophilization, it weighed 331 mg. (moisture content 12.4 per cent), corre- 
sponding to a yield of 98 per cent (corrected). ‘The composition of these 
products is given in Table I. 

Apurinic Acid—Two specimens were used, designated as APA, Prepara- 
tions 1 and 2. Preparation 1 has been described before (Experiment 6, 
Tables II and IV (1) ). Preparation 2 was prepared by an identical pro- 
cedure; its composition will be found in Table I.! 

Properties—All denaturation and degradation products formed white 
fluffs, soluble in water. The absorption characteristics of the products are 
presented in Table II, with the exception of those listed previously (1). A 
few viscosity measurements, carried out at 30° in an Ostwald-Fenske 
viscosimeter (water value 10.9 seconds) with solutions in distilled water, 
gave the following results for the specific viscosity, n.», the concentrations 

‘When larger quantities of apurinic acid are to be prepared, it is not necessary to 


carry out the acid treatment under conditions of dialysis (1). The subsequent 
neutralization and dialysis are, of course, required. 
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of the substances being given in parentheses: DNA Preparation 3, 5.98 
(0.1 per cent); Preparation E, 0.15 (2 per cent), 0.07 (1 per cent); Prepara- 
tion F, 0.21 (2 per cent), 0.11 (1 per cent); APA Preparation 2, 0.21 (2 per 
cent), 0.10 (1 per cent). 


Methods 


Analytical Procedures—In order to avoid needless repetition, the corre- 
sponding section of a preceding publication ((1) p. 50) should be consulted 
for the details.2. The P content of solutions was determined colorimet- 
rically (8). 

Experimental Arrangement—Aqueous solutions containing 0.1 to 0.2 per 
cent of substrate were placed in small cellophane bags (NoJax, Visking 
Corporation, Chicago). In the case of enzymatic reaction, crystalline 
pancreatic desoxyribonuclease (Worthington Biochemical Sales Company) 
in amounts equivalent to 5 to 10 per cent of the substrate weight was 
added. These “inside fluids’’ were incubated at the indicated temperature, 
with simultaneous dialysis against the 10- to 20-fold volume of 0.02 m 
borate buffer of pH 7.3 which, unless noted otherwise, was 0.02 m with 
respect to magnesium sulfate and contained 0.0005 to 0.001 per cent of 
ethyl mercurithiosalicylate (‘‘outside fluid’’). In control experiments both 
enzyme and MgSO, were omitted. The corrections for the contents of 
the control dialysates were very small and never in excess of 10 per cent 
of the experimental values. The rate of appearance of dialyzable frag- 
ments was, when comparable substrates were employed, followed by 
spectroscopy in the ultraviolet and expressed as the difference, designated 
as AE, between the extinctions of the outside fluid at 262 and 290 mu. In 
some cases it was of advantage to follow the reaction by the determination 
of total phosphorus in the outside fluid. In all cases the final quantity of 
total dialyzable phosphorus was determined after the completion of the 
reaction in order to establish the phosphorus balances. For purposes of 
computation, the dialyzable components were assumed to be equally dis- 
tributed between the inside and outside fluids. The figures given in the 
balances are corrected accordingly and represent the total amounts of 
dialyzable P. 

Aliquots of the outside fluids served for the determination of inorganic 
and total P, of desoxy sugar, and, after concentration in vacuo, for the 
search for nucleotides and nucleosides. The dialysis residues were recov- 
ered by lyophilization, after dialysis against running tap water for 20 to 
24 hours and against distilled water at 4° for the same period. No major 


2 Elementary microanalyses for N and P were performed by the Elek Micro Ana- 
lytical Laboratories, Los Angeles, California, and by the Schwarzkopf Microanalyti- 
cal Laboratory, Middle Village, New York. 
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losses were encountered during these operations, as shown by the P bal- 
ances. Yield of the dialysis residues, their P and moisture contents, 
intensity of the color reaction with diphenylamine, ultraviolet absorption 
spectra, and composition with respect to nitrogenous constituents were 
determined. 

Spectroscopy-—All measurements in the ultraviolet were carried out at 
pH 7.1 to 7.3 in phosphate or borate buffers. Instead of M phosphate 
buffer previously used (1) for the establishment of complete DNA spectra, 
0.2 m buffer could be employed with advantage. When the appearance of 


TABLE II 
Ultraviolet Absorption of Substrates 
Preparation No. Solvent* Maximumf Minimumt 

my «(P) e(NP) mu e(P) (NP) 

DNA, No. 3.......} M phosphate 258 6900 | 6,900 | 232 3100 | 3100 
0.02 borate 258 6700 | 6,700 | 232 2900 | 2900 
+ 258 6700 | 6,700 | 233 3000 | 3000 

0.02 m MgSO, 

258 6700 | 6,700 | 232 3000 | 3000 
258 8100 | 8,100 | 232 4400 | 4400 
258 7400 | 7,400 | 232 3800 | 3800 
259.5 | 7400 | 7,400 | 231 3500 | 3500 
262.5 | 6800 (10,300 | 231.5 | 3600 | 5400 
266 5100 |10,000 | 234.5 2900 | 5700 
ee. 268 4700 10,000 | 237 2800 | 5950 


* Phosphate buffer, pH 7.1; borate buffer, pH 7.3. 

t e(P) and e(NP) are the atomic extinction coefficients with respect to phosphorus 
and nucleotide phosphorus respectively (1). 

{ After storage of the solution at 25° for 18 hours. 


absorbing fractions was followed in the dialysates, 0.02 mM borate buffer 
of pH 7.3, containing varying amounts of magnesium ions, often served 
as the solvent. These different conditions are without effect on the 
spectrum of DNA, as can be seen in Table II. The use of the terms «(P) 
and e(NP), z.e. the atomic extinction coefficients with respect to phosphorus 
and nucleotide phosphorus, has been explained previously (1). For other 
details, see Tamm et al. ( (1) p. 58). 


Presentation of Results 


The numbers of all experiments are prefixed by a letter indicating the 
type of substrate employed. The letter A denotes intact DNA, B to F 
the products of denaturation and degradation so designated in the preceding 
description of their preparation; G stands for apurinic acid. A capital 


‘ 
a- 
er 
d 
- 
er 
ig 
is 
M 
h 
f 
h 
t | 
1 


318 SUBSTRATES OF DESOXYRIBONUCLEASE 


letter preceding the experimental number signifies that the experiment was 
carried out in the complete enzymatic system (desoxyribonuclease and 
magnesium ions); the corresponding small letter indicates that it was 
performed in the presence of Mg** alone, with the omission of the enzyme. 


80 - 


PERCENT OF TOTAL P 


60 80 100 
HOURS 
Fic. 1. Action of crystalline pancreatic desoxyribonuclease (+ Mgt* ions) on 
intact DNA (A), products of its denaturation (B, C, D) and partial degradation 
(ik, F), and on APA (G). The amounts of dialyzable P (as per cent of substrate P) 
are plotted against duration of incubation. 
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20 40 60 80 100 120 140 160 
HOURS 
Fig. 2. Action of Mg** ions. The small letters correspond to the capitals used in 
Fig. 1; other explanations the same as in Fig. 1. 
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Enzymatic Attack on Different Substrates (Experiments 1 to 7) 


The results of an attempt to correlate the specific requirements of desoxy- 
ribonuclease in regard to substrate structure with the action of magnesium 
ions are presented in Figs. 1 and 2. The substrates studied by the tech- 


TABLE III 


Breakdown of Partial Degradation Products of DNA; Composition of Dialysis Residues 
and Balances 


! 


Experiment Experiment 
Dialysis residue, % starting material....... 37.0 | 76.0 53.0 76.5 
Color yield with diphenylamine as % of | | | 


Moles per mole P 


| 0.13 | 0.02 | 0.02 
Molar ratios 
Balances, % of constituent in starting material 

Phosphorus, non-dialyzable................. | 23.9 66.2 49.0 70.3 

Adenine, non-dialyzable.................... _ 22.0 72.0 48.1 70.5 


niques outlined before in the presence (Fig. 1) and in the absence (Fig. 2) 
of the pancreatic enzyme, but always with 0.02 m MgSQu,, were intact 
DNA, Preparation 3 (Experiments A-1 and a-1); the products of denatura- 
tion, Preparation B (Experiments B-2 and b-2), Preparation C (Experi- 
ments C-3 and c-3), Preparation D (Experiments D-4 and d-4); the prod- 
ucts of partial degradation, Preparation E (Experiments E-5 and e-5), 
Preparation F (Experiments F-6 and f-6); and, finally, APA, Preparation 2 
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(Experiments G-7 and g-7). In this series of experiments the rates of 
disintegration to dialyzable fragments were measured by the determination 
of total P in the dialysates and expressed as per cent of the initial P of the 
substrates. The composition of some of the dialysis residues is summarized 
in Table III; P balances will be found in Tables III and IV. The ultra- 
violet absorption characteristics of some of the dialysis residues, expressed 
as e(NP) and with the positions of the maxima in millimicrons given in 
parentheses, were as follows: Experiment b-2, 7700 (260); Experiment E-5, 
9700 (265); Experiment e-5, 9300 (264); Experiment F-6, 10,600 (268); 


TaBLeE IV 
Degradation of APA; Balances* 


Phosphorus Thymine Cytosine 
mg. mg. mg. 

G-13 4.16 47.6 42.5 90.1 4.23 45.8 2.84 44.2 

G-12 4.15 49.0 38.0 87.0 4.23 37.9 2.84 37.6 

G-7 1.92 63.5 28.7 92.2 

G-14 5.03 71.5 19.0 90.5 5.32 19.0 3.60 18.0 

g-13 4.16 13.3 64.6 77.9 4.23 69.5 2.84 67.5 

g-12 4.15 22.2 65.0 87.2 4.23 68.0 2.84 68.5 

g-14 5.03 37.4 42.8 80.2 5.32 47.8 3.60 45.0 

g-1l 2.05 46.5 48.3 94.8 2.12 62.5 1.43 53.3 

g-7 1.92 47.9 42.7 | 90.6 

g-10 2.01 59.0 30.2 89.2 2.12 33.8 1.43 31.7 

g-9 2.01 90.0 | 

g-8 2.01 93.0 6.3 99.3 | 2.12 9.7 1.43 | 8.5 


* The experiments listed here are shown in Figs. 1,2,4,and5. They are arranged 
in the order of increasing yields of dialyzable P. 
+t Per cent of starting material. 


Experiment f-6, 10,400 (266); Experiment G-7, 12,200 (268); Ixperiment 
g-7, 11,800 (268). 


Degradation of Apurinic Acid 


Stepwise Dialysis in Absence and Presence of Mg Ions—-An experiment 
demonstrating the specific effect of Mgt* ions on a freshly prepared solu- 
tion of APA which had not undergone lyophilization is illustrated in Fig. 3. 
A solution of 41.4 mg. of DNA, Preparation 4,’ in 35 ec. of water was kept 
at 37° with simultaneous dialysis against 400 cc. of dilute hydrochloric acid 
of pH 1.6. The rate of appearance of liberated purines in the outside fluid 
was followed spectrophotometrically (1) and plotted as AE, as shown in 


’ The weights always refer to lyophilized preparations that had not been dried 
further. 
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Fig. 3, a. ‘The extinction increase in the dialysate came to a standstill 
after approximately 25 hours. During prolonged incubation for a total of 
63 hours, only a very small amount of dialyzable phosphorus made its 
appearance (Fig. 3,a). The contents of the dialysis bag then were adjusted 
to pH 6.8, brought to a total volume of 45 cc. by the addition of 0.02 m 
aqueous NaCl, and dialyzed at 37° against 300 cc. of 0.02 mM NaCl. After 
the small amount of free purines remaining in the inside fluid had been 
dialyzed in the first 2 hours, no more absorbing material, though some 
additional P, appeared in the dialysate during the following 35 hours, as 


DE IN % OF AE IN % OF 
DIALYSATE TOTAL P DIALYSATE TOTALP 
e—-e 0.5 o--e 
1.0 -IOO 
0.3 - -100 
0.54 O24 
-50 
- 
20 40 60 70 Tele 150 200 
HOURS 


Fig. 3. Stepwise dialysis in the absence and presence of Mg ions. The reaction 
was followed by the spectroscopy of the dialysates (left ordinate) and the deter- 
mination of dialyzable P (right ordinate). a, dialysis of DNA against dilute HCl 
of pH 1.6, leading to the formation of APA; b, dialysis of APA against aqueous NaCl 
and, as indicated by the arrow, against borate buffer containing Mg ions. See the 
text for the experimental arrangement. 


shown in Fig. 3, b. At this stage, the dialysis residue was brought with 
water to a total volume of 50 ce. and divided into two equal portions. One 
portion was dialyzed at 37° against 200 cc. of 0.02 m borate buffer of pH 7.3 
which was 0.02 m with respect to MgSO,; the other portion was dialyzed 
against the same volume of the buffer, but with the omission of MgSO,, 
and served as the control. Both solutions were protected by 0.001 per 
cent of ethyl mercurithiosalicylate. No material absorbing in the ultra- 
violet and very little P were found in the dialysate of the control experiment. 
This was in strong contrast to the dialysate containing Mg** ions, as 
evidenced in Fig. 3, 6.4 

* The experimental points shown in Fig. 3, a and b, for the different stages of dialysis 


are corrected for dilution and for the loss in total dialyzable phosphorus caused by 
the change of dialysis fluids. 
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The dialysis residues, remaining after 94 hours of dialysis against borate 
buffer (in the presence and absence of Mg), were dialyzed against tap water 
and ice-cold distilled water for a total of 24 hours and analyzed, in order to 
establish a complete phosphorus balance. In the course of the dialysis 
against the Mgt+-containing buffer, 57.8 per cent of the P present in 4 
non-dialyzable form at the beginning of this phase of the experiment was 
recovered in the dialysate and 33.7 per cent in the dialysis residue, 91.5 
per cent of P thus being accounted for. In the control experiment, in 
which the dialysis against borate buffer was performed in the absence of 
Mg ions, the corresponding figures were 8.5 per cent of dialyzable P, 83.5 
per cent of non-dialyzable P. The over-all recovery of phosphorus in the 
entire experiment amounted to 92.5 per cent. 

Effect of Different Mg Ion Concentrations (Experiments 8 to 11)—The 
influence of varying Mg** concentrations on the breakdown of APA 
(Preparation 1) was studied by incubating 0.1 per cent aqueous solutions 
at 37° with simultaneous dialysis against the 10-fold volume of buffer. 
The molarities of the buffer with respect to MgSO, were 0.2 mM (Experiment 
g-8), 0.02 m (Experiment g-9), 0.002 m (Experiment g-10). In addition, in 
Experiment g-11 lithium chloride, in a 0.02 mM concentration, replaced the 
Mg salt. The results of the study of the spectroscopic changes in the 
dialysates are illustrated in Fig. 4. The optimum concentration of MgSO, 
as a degrading agent was 0.02 m; the same concentration of LiCl had 
much less effect. The dialysates collected in all four experiments gave 
a very strong color reaction with diphenylamine, but the color intensity 
could not be correlated with the extent of absorption in the ultravio- 
let. Balances and analytical data will be found in Tables IV and V. 

Degradation of APA under Different Conditions (Experiments 12 to 16)— 
Experiments on the enzymatic and non-enzymatic breakdown of different 
APA preparations under a variety of conditions are presented in Fig. 5. 
The reactions were followed by the spectroscopy of the dialysates. Freshly 
prepared APA (1), employed as a dialyzed solution that had not undergone 
lyophilization,’ served for Experiments G-12, g-12, G-13, and g-13. APA 
Preparation 1 (lyophilized) was used in Experiments G-14 and g-14. The 
temperatures maintained for Fig. 5, I, were 38° (Experiments G-12, g-12) 
and 4° (Experiments G-13, g-13, G-14, and g-14); for Fig. 5, II, the temper- 
ature was raised from 4° to 24°. Freshly prepared APA was more rapidly 
degraded at 38° than at 4°, both in the presence of enzyme and Mg ions 
and in that of Mg alone, whereas lyophilized APA was almost not attacked 
at 4°. At 24°, however, only the breakdown of the latter was accelerated 
considerably in the complete enzymatic system (Experiment G-14). When 


> For purposes of calculation it was assumed that the APA present in these solu- 
tions had been obtained from DNA in the average yield of 95 per cent (1). 
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similar experiments with desoxyribonuclease and Mg ions at 4° were carried 
out with simultaneous vigorous vibration (Syntron paper jogger, Syntron 
Company), the disintegration, or more probably the speed of dialysis, was 


g-8 
0.4 - g-9 
Z 
all 
= 0.5 
ra 
zm 
= 02+ 9-10 
50 100 150 200 
HOURS 


Fic. 4. Breakdown of APA, followed by the spectroscopy of the dialysates, in the 
presence of Mg ions (0.2 mM, Experiment g-8; 0.02 mM, Experiment g-9; 0.002 m, Experi- 
ment g-10) and of Li ions (0.02 mM, Experiment g-11). 


TABLE V 
Degradation of APA; Composition of Dialysis Residues* 
No. Total thymine to ote as per cent 
Thymine Cytosine lpyrimidines| ¢¥tosine standard DNA 
per cent 
G-16 54.3 0.26 0.19 0.45 1.4 8.3 115 
G-13 47.4 0.27 0.20 0.47 1.3 10.1 158 
G-12 42.4 0.25 0.19 0.44 1.3 10.0 152 
G-14 24.7 0.26 0.19 0.45 1.4 8.6 132 
g-15 86.1 0.26 0.19 0.45 1.4 10.7 132 
g-13 13.3 0.27 0.20 0.47 1.3 10.4 137 
g-12 69.5 0.28 Q.21 0.49 1.3 10.8 131 
g-16 95.3 Q). 29 0.21 0.50 1.4 9.9 
g-14 48.2 0.29 Q.21 0.50 1.4 9.8 139 
g-10 33.2 0.29 0.21 0.50 1.4 9.7 
g-9 17.0 0.32 0.54 1.4 
g-8 7.9 0.38 0.27 0.65 1.4 9.1 


* The experiments listed here are shown in Figs. 4 and 5, with the exception of 
Experiments 15 and 16, which are described in the text. The results are arranged in 
the order of decreasing yields of dialysis residues, based on the weights of the dry 
compounds. 
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somewhat increased, but the general appearance of the curves did not 
change. Balances and analytical data for these experiments are given in 
Tables IV and V. Several complementary experiments, also listed there, 
were performed under the following conditions, with APA Preparation 1, 
as the starting material: Experiment g-15 (0°, Mg); Experiment G-1¢ 
(24°, enzyme + Mg); Experiment g-16 (24°, Mg). 

The dialysates, collected in Experiments G-12 and g-12 and concen- 
trated by lyophilization, contained neither nucleosides nor nucleotides, 
Chromatograms on filter paper, prepared with the solvent system con- 
sisting of isobutyrie acid buffered at pH 3.7 with ammonium isobutyrate 


1.0 I I 
G-/, 

0.8 
0.4 - - G 
a 
O.2 GANZ __-=¢ 

50 016) 150 


Fic. 5. Degradation of APA under different conditions in the presence of en- 
zyme + Mg ions (capitals) and of Mg ions alone (small letters). APA, freshly 
prepared in solution, served for Experiments 12 and 13, lyophilized APA for Experi- 
ment 14. With the exception of Experiment 12, which was carried out at 38°, the 
experiments were performed at 4° (Z) and at 24° (JJ). 


(9), revealed only slowly moving oligonucleotides together with material 
immobile in this solvent. 


DISCUSSION 


The curves presented in Fig. 1 bring out what may be said to be the 
principal requirement for the maximal effect of pancreatic desoxyribonu- 
clease activated by magnesium ions, viz. the presence in the DNA of the 
full complement of purines. It is possible that the preservation of the 
pyrimidines is equally necessary, but this cannot be decided, owing to the 
unavailability of a degradation product matching APA in being similarly 
deprived of the pyrimidines of the DNA without impairment of the inter- 
purine ratios. The interference with the physical properties of DNA, as 
must have occurred in Preparations B, C, and especially D, did not, by 
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itself, materially impede the enzymatic degradation. The partial or com- 
plete removal of the purines, however, decreased the susceptibility to 
enzymatic attack to a large extent. APA was more resistant than Prep- 
aration I’, which retained about 8 per cent of the purines originally present 
in the DNA; and Preparation E with about one-half of the original purines 
exceeded the other degradation products in the rate of its enzymatic 
breakdown. 

The removal of purines from the DNA chain has, of course, several 
consequences. It interferes with the amphoteric properties of the nucleic 
acid and introduces reactive aldehyde groups. It cannot be decided 
whether these changes can be held responsible for the relative resistance of 
APA to the enzyme. Preliminary experiments have yielded no indication 
that APA inhibits the enzymatic degradation of DNA itself. Another 
change attending the formation of APA and related partial degradation 
products, namely depolymerization to much less asymmetric, though still 
non-diffusible, molecules, is probably not the reason for the comparative 
inaction of the enzyme. After a few breaks of the original DNA molecule, 
desoxyribonuclease must be able to deal with a large number of differently 
composed secondary substrates of varying molecular size (5) which, as 
has been shown repeatedly (10, 11), it is able to degrade in part to as low a 
stage as that of dinucleotides. It is, however, possible that even crystalline 
preparations of pancreatic desoxyribonuclease may contain more than one 
enzyme attacking DNA. Several instances of different DNA depoly- 
merases have been cited in the recent literature (12-15). The reservation 
applies even more to conclusions drawn from the use of the partially puri- 
fied enzyme (11). 

While intact DNA, rapidly broken to dialyzable fragments by the enzyme 
in the presence of magnesium ions, 1s not so affected by the cation alone, a 
remarkable ability of Mg ions to bring about a non-enzymatic disintegration 
of APA and of the partial degradation products of DNA was noted (Fig. 2). 
The extent of this effect appeared to be in an inverse relationship to the 
susceptibility of the particular substrate to attack by the complete enzyme 
system. It will be seen that, in contrast to intact DNA (Experiment a-l, 
Fig. 2), the denaturation products B, C, and D were not entirely stable to 
magnesium (Experiments b-2, c-3, d-4). The partial breakdown of APA 
under these conditions can be seen particularly well in the stepwise dialysis 
experiment shown in Fig. 3. A 0.02 mM concentration of MgSO, seemed to 
be near the optimum; a 10-fold increase had little additional effect (Fig. 4). 
Lithium ions, which in many respects resemble those of magnesium (16), 
were less effective. Attention may be drawn to the differences in stability 
between lyophilized and freshly prepared APA specimens, shown in Fig. 5. 

The mechanism of the effect of Mgt+ ions is still obscure. The effect of 
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this divalent cation on some of the physical properties of DNA and its réle 
in the activation of pancreatic desoxyribonuclease have been considered 
repeatedly (3, 6, 17-22). It would appear from some of the experiments 
reported here that, once DNA has been degraded partially, the function of 
Mg?** ions need not be considered as that of an enzymatic cofactor, but as 
that of an agent affecting the substrate itself. 

It may be of some interest to examine the data on the composition of the 
diffusible and non-diffusible fragments produced by the action of the en- 
zyme and of Mg** ions on the several degradation products studied here 
(Tables III to V) in the light of those obtained in an earlier investigation 
of the course of the enzymatic breakdown of intact DNA (7). The results 
are, however, not entirely comparable, since the present study required the 
use of a much higher enzyme concentration. In the case of intact DNA, 
the composition of the dialyzable fragments and of the dialysis residues 
(‘‘cores’”’) varied characteristically with the extent of digestion; in a dialysis 
residue comprising less than one-tenth of the initial substrate, the propor- 
tions of adenine to guanine and especially to cytosine, of thymine to 
cytosine, and of purines to pyrimidines by far exceeded those found in the 
original DNA. No such tendency was observed with the substrates em- 
ployed in the present work. The composition of the dialysis residues 
remaining after the partial breakdown of APA differed little from that of 
the starting material, especially with regard to the ratio of thymine to 
cytosine and to the color yield with diphenylamine, indicating the preserva- 
tion of the non-glycosidic desoxy sugar phosphate residues (Table V). The 
partial degradation products of DNA, which retained a portion of the 
purines, behaved similarly (Table III). The attack of the complete en- 
zymatic system or of Mgt ions alone apparently leads to a series of 
depolymerization products exhibiting a statistically equal distribution of 
components. Only the smallest dialysis residues (Experiments g-8 and 
g-9, Tables IV and V) contained a higher proportion of pyrimidine nucleo- 
tides and fewer sugar phosphate units. 

The optical observations included here provide another instance of the 
marked hyperchromic effects accompanying the degradation of nucleic 
acids (1,23). While a slight elevation of e(P) was noted as the consequence 
of the depolymerization of DNA, especially by alkali (Preparation B in 
Table II), the increase in extinction, based on nucleotide phosphorus, 
became much greater following the partial or complete removal of the 
purines and was even more pronounced in the dialysis residues. 


SUMMARY 


The ability of crystalline pancreatic desoxyribonuclease (in the presence 
of Mg++ ions) and of Mg** ions alone to produce dialyzable fragments from 
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q series of substrates related to the desoxyribonucleic acid of calf thymus 
was studied. Intact DNA, depolymerization products obtained in a variety 
of ways, degradation products that were deprived of a part of the purines, 
and, finally, apurinic acid were examined. Substrates differing in their 
physical properties, but of unaltered chemical composition, were attacked 
by the complete enzymatic system to about the same extent and at the 
same rate. The detachment of even a portion of the purines or their 
complete removal acted, however, as a block. 

Magnesium ions brought about a non-enzymatic disintegration of the 
degradation products of DNA. In the case of apurinic acid the extent of 
this breakage differed little from that effected by the enzyme. 

The reactions were followed by the establishment of balances of the 
reaction products, by the complete analysis of the non-diffusible fragments 
produced at different stages, and by optical observations. 
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STUDIES ON THE INHIBITION OF GROWTH OF 
STREPTOCOCCUS FAECALIS BY SODIUM 
PROPIONATE* 
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Propionate has long been known to act as a bacteriostatic agent. Wright 
and Skeggs (1), working with Escherichia coli, have postulated that the 
inhibition is due to prevention of the synthesis of B-alanine. King and 
Cheldelin (2) concluded from their work, however, that the inhibition was 
due to the prevention of the combination of B-alanine and pantoic acid to 
form pantothenic acid. Recently Stokstad and Pierce (3) presented evi- 
dence that crystalline protogen overcomes propionate inhibition in Streptlo- 
coccus faecalis. Protogen has been identified (4) with the acetate-replacing 
factor of Guirard et al. (5) and the pyruvate oxidation factor (POF) of 
0’Kane and Gunsalus (6). 

In the absence of POF, O’ Kane and Gunsalus (6) and O’Kane (7) found 
that pyruvate was not oxidized to acetate and formate but accumulated 
or was removed by acetylmethylearbinol formation. Thus POF, or proto- 
gen, was necessary for the formation of acetate from pyruvate. On the 
basis of this evidence, therefore, propionate may inhibit growth of bacteria 
by interference with acetate production. 

The studies presented in this report were undertaken to obtain more 
evidence on the réle of propionate in the inhibition of growth of S. faecalis. 


Methods 


The culture of S. faecalis ATCC 8043 used in these studies was obtained 
from the American Type Culture Collection and maintained on an agar 
prepared by the addition of 1.5 per cent agar to the medium of Capps et al. 
(8), modified to contain sodium citrate instead of sodium acetate and 4 y 
of folic acid per liter of double strength medium. The inoculum and me- 
dium used were also composed of the modified medium of Capps et al. (8). 

The inoculum was grown overnight at 37°. The assays were inoculated 
by bacteriological loop and allowed to incubate at 37° for 20 to 22 hours. 

Growth was measured turbidimetrically with a Coleman spectrophotom- 
eter model No. 11 at 650 mu with a No. PC-4 filter. 

* Published with the approval of the Director. Paper No. 567, Journal Series, 
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RESULTS AND DISCUSSION 


If the effect of propionate is to block acetate synthesis, it should be pos. 
sible to overcome propionate inhibition by the inclusion of acetate in the 
medium. In an experiment to test whether or not this is so, 20 mg. of 
acetate were included in each tube along with several levels of sodium 
propionate. In other series of tubes no acetate was added. ‘The results 
of a representative experiment are presented in Table I. 

It is apparent from these results that sodium acetate will completely 
overcome the inhibition of S. faecalis by propionate. Thus the effect of 
propionate may be to block acetate production via the oxidative decar- 
boxylation of pyruvate. 

The work of Chantrenne and Lipmann (9) and Korkes et al. (10) indicates 


TABLE I 
Inhibition of S. faecalis with Sodium Propionate and Reversal with Sodium Acetate 


Turbidity* 

No acetate - Sodium acetate, 20 mg. per tube 
bor tube | 

10 16 

10 17 16 

15 eae 39 16 

20 72 16 

25 92 | 17 


* A reading of 100 represents no growth. Fach reading is an average of two tubes. 


that the formation of acetate from pyruvate is dependent upon the pres- 
ence of coenzyme A. Stadtman (11) has presented evidence that propi- 
onate combines with coenzyme A in extracts of Clostridium kluyveri. It 
is possible, therefore, that propionate combines with coenzyme A and thus 
inhibits acetate production from pyruvate. Lipmann et al. (12) found that 
pantothenic acid is a constituent of coenzyme A. In order to obtain evi- 
dence on the rdle coenzyme A may play in propionate inhibition, an experi- 
ment was conducted testing the influence of pantothenic acid on the propi- 
onate inhibition of S. faecalis. The modified medium of Capps et al. (8) 
was again used but further modified by the omission of pantothenic acid. 
Levels of propionate were added to a series of tubes with and without 
pantothenate. The results of a representative experiment are presented 
in Table IT. | 

In the presence of 10 y of pantothenate much more propionate was neces- 
sary to inhibit growth of S. faecalis completely than in the absence of the 
vitamin. This clearly indicates that pantothenate protects S. faecalis from 


a 
j 
3 


Cc. H. HILL 331 


the inhibiting effect of propionate. However, the inhibitory effect of pro- 
pionate could not be due to the failure of synthesis cf pantothenate, as 
suggested by King and Cheldelin (2) in their work with £. coli, since higher 
levels of propionate inhibited growth of S. faecalis even in the presence of 
pantothenate. The results of this experiment can be explained, however, 
by assuming a propionate-coenzyme A (CoA) combination as suggested by 
Stadtman (11), which prevents CoA from participating in the formation 
of acetate. 

Since the absence of pantothenate did not influence growth in the basal 
medium, S. faecalis must be capable of synthesizing pantothenate and pre- 
sumably coenzyme A. The synthesis of pantothenic acid and coenzyme A 


TABLE II 
Effect of Pantothenate on Propionate Inhibition of S. faecalis 
| Turbidity * 
No pantothenate | Pantothenate, 10 y per tube 
mg. per tube | 
0 15 | 21 
10 90 | 53 
20 92 | 64 
25 94 | 
40 | 65 
60 | 68 
100 | 96 


*A reading of 100 represents no growth, Each reading is an average of two 


tubes. 


would have to take place if the proposed theory of propionate-CoA com- 
bination were the explanation of propionate inhibition in the absence of 
pantothenate in the medium. 

In order to test whether such a synthesis does take place, tubes of an 
S. faecalis assay to which no pantothenate had been added were assayed 
for pantothenate with the medium of Skeggs and Wright (13) with Lacto- 
bacillus arabinosus 17-5. In tubes in which growth had been completely 
inhibited by propionate, no pantothenate was detected. However, in tubes 
in which the growth had reached a turbidity of 9 (100 representing no 
growth), a synthesis of 2.7 y of pantothenate had taken place. Thus pan- 
tothenate is definitely synthesized by S. faecalis. 


SUMMARY 
1. Propionate inhibition of Streptococcus faecalis can be reversed by so- 


dium acetate. 
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2. Pantothenic acid added to the medium increases the resistance of the 
organism to propionate. 

3. S. faecalis synthesizes pantothenic acid on the medium used. 

4. Propionate may inhibit S. faecalis by combining with coenzyme A. 
thereby interfering with the oxidative decarboxylation of pyruvate to form 
acetate. 
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ON THE MECHANISM OF PYRIMIDINE METABOLISM BY 
YEASTS 


By FREDERICK J. Di CARLO, ALFRED 8. SCHULTZ, 
AND ADRIENNE M. KENT 


(From The Fleischmann Laboratories, Standard Brands, Inc., New York, New York) 
(Received for publication, May 12, 1952) 


Knowledge of the mechanisms involved in pyrimidine metabolism is 
fundamental to the biochemistry of the nucleic acids. Cerecedo, Emerson, 
and Stekol (1-7) pioneered this field in their work with dogs. Their experi- 
ments, conducted by feeding the in vitro oxidation products of uracil and 
the estimation of excreted urea, culminated in the proposal of a mechanism 
for pyrimidine metabolism (8). More recently, isotopically labeled cy- 
tosine was administered to rats and found to be catabolized partly to urea 
(9). 

The present investigation extends the previous work on the metabolism 
of nucleic acid derivatives by yeasts (10) to provide more complete cover- 
age of pyrimidines and related compounds. The oxidative mechanism 
proposed by Cerecedo and his collaborators for the degradation of uracil 
into urea was found inoperative in yeasts. Unlike soil bacteria (11-13), 
the yeasts were incapable of oxidizing uracil and thymine into barbituric 
acid and 5-methylbarbituric acid, respectively. On the basis of growth 
studies with yeasts the following metabolic pathway for the assimilation of 
pyrimidines by yeasts is suggested: cytosine — uracil — hydrouracil — 
hydroorotic acid — urea. 


EXPERIMENTAL! 


The yeast cultures employed were Saccharomyces cerevisiae Hansen, re- 
quiring pantothenic acid and biotin as growth factors (14), and Torula 
utilis (Northern Regional Research Laboratory). The techniques for the 
preparation of the yeast inocula and the measurement of yeast growth were 
described previously (14). The composition of the basal medium was also 
reported earlier (15). 

The yeasts were incubated at 30° with shaking in 18 mm. (outside 
diameter) test-tubes and the extent of growth was determined after 16, 24, 
and 40 hours by reading the percentage light absorption on a Lumetron 
400 colorimeter equipped with a gray glass and wire screen filter. Growth 
data acquired for S. cerevisiae Hansen and 7’. utilis propagated on ammon- 


'The microanalytical work was performed by Mr. Joseph F. Alicino, Metuchen, 
New Jersey. 
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ium sulfate as the sole source of nitrogen were published earlier (10), 
Each compound tested was furnished to the yeasts in a quantity corre. 
sponding to 1.0 mg. of nitrogen per tube. The compounds were used as 
sole nitrogen sources and also with supplementation by 0.1 mg. of nitrogen 
in the form of ammonium sulfate. The results presented are based upon 
the data obtained from at least six tubes. 


TABLE [ 
Compounds Not Assimilated by Either Yeast Culture 


Acetylurea 2-Methyl-5-ethoxymethyl-6-hydroxy- 
pyrimidine 

Acrylamide 6-Methylthiouracil 

Allylurea 6-Methyluracil 


2-Amino-4-methy1-6-chloropyrimidine _Methylurea 
2-Amino-4-methyl-6-hydroxypyrimidine | 5-Nitrobarbituric acid 


2-Aminopyrimidine Orotic acid 
5-Aminouracil Oxamide 
Barbituric acid Oxamic acid 
Biuret Oxythiamine 
Cvanoacetamide Pteroic acid 
2,5-Dimethyl-6-hydroxypyrimidine Semicarbazide 
Folic acid Succinamic acid 
Hydantoic acid Succinimide 
Hydantoin Succinylurea 
Hydrouracil-5-carboxylic acid Thiamine 
2-Hydroxypyrimidine Thiouracil 
Isobarbituric acid Thiourea 
Isocytosine Thymine 
Isodialuric acid glycol 
Malonamide Uracil-5-carboxylie acid 
2-Methyl-5-aminomethyl-6-aminopyrim- | Uramil 

idine 
4-Methylcytosine Urethane 
2-Methyl-5-cyano-6-aminopyrimidine Ureidosucciniec acid 
2-Methyl-5-ethoxymethyl-6-aminopyrim- | Xanthopterin 

idine 


Compounds which were not utilized as nitrogen sources for growth by 
either S. cerevisiae or T. utilis are listed in Table I. The growth data 
obtained with compounds serving as nitrogen sources for one or both yeasts 
are shown in Table IT. 

Hydrouracil—2.24 gm. (0.02 mole) of uracil were dissolved in 200 ml. of 
hot glacial acetic acid. After the solution had cooled to room temperature, 
300 mg. of Adams’ catalyst were added. The mixture was hydrogenated 
at about 25° under an initial pressure of 40 pounds per sq. in. When the 
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reduction was complete (5.5 hours), the catalyst was removed by filtration 
and the filtrate was poured into 500 ml. of hexane. The white precipitate 
collected by filtration was washed thoroughly with hexane, dried, and 
recrystallized from water. The product weighed 1.67 gm. and melted at 
975-276°.. Brown and Johnson (16) reported a melting point of 272- 
974°. Lengfeld and Stieglitz (17) reported 272°. A mixed melting point 
with an authentic sample of hydrouracil obtained from Dougherty Chem- 
icals showed no depression. 

Potassium B-Ureidopropionate—This compound was prepared from B- 


TABLE II 
Compounds Assimilated by T. utilis and S. cerevisiae 
Per cent nitrogen utilized 
Compound 
S. cerevisiae T. utilis 
g-Aminopropionamide...................... 0 95 
Ethyl B-aminopropionate................... 0 95 
8-Ureidopropionic acid..................... 0 100 


alanine and potassium cyanate by the method of Lengfeld and Stieglitz 
(17). 

Ureidosuccinic Acid—-This compound was synthesized from aspartic acid 
and potassium cyanate as described by Nyc and Mitchell (18). 

Hydroorotic Acid—This compound was prepared from maleic acid and 
urea according to the procedure of Bachstez and Cavallini (19). 


Calculated. C 37.97, H 3.79, N 17.72 
Found. 37.93, 4.01, ‘* 17.92 


B-Aminopropionamide Hydrochloride—Vhe method of Carlson (20) was 
modified. 840 mg. (0.01 mole) of cyanoacetamide were dissolved in 100 
ml. of glacial acetic acid and hydrogenated for 3 hours in the presence of 
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200 mg. of platinum oxide at an initial pressure of 38 pounds per sq. in, 
The catalyst was filtered off and washed with about 10 ml. of glacial acetic 
acid. The combined filtrate and washings were concentrated to about 25 
ml. by vacuum distillation. To the concentrated solution were added 1,0 
ml. of concentrated HCl and 300 ml. of hexane. The mixture was refrig- 
erated for several hours before collecting the precipitated hydrochloride. 
The material was dissolved in slightly more than the minimum volume of 
water. Then concentrated HCl was added to pH 1. Alcohol (about 100 
mi.) was added, followed by ether to produce turbidity. The white pre- 
cipitate collected after refrigeration weighed 815 mg. and melted at 146° 
(Franchimont and Friedmann (21) reported a melting point of 149°), 


C;H;ON:Cl. Calculated, N 22.49; found, N 22.64 


Succinylurea—Urea and succinic anhydride were fused according to the 
method of Pike (22). The product melted at 230° after softening at about 
200°. Pike reported 203-205° as the melting point. 


C,H,O.N,. Calculated, N 17.50; found, N 17.52 


Hydrouracil-5-carboxylic Acid—Uracil-5-carboxylic acid (130 mg.) was 
dissolved in 80 ml. of warm glacial acetic acid. After the solution cooled 
to room temperature, 200 mg. of platinum oxide were added and the 
mixture was hydrogenated for 6 hours at a pressure of 50 pounds per sq. 
in. The catalyst was removed by filtration and the filtrate, suitably 
diluted, was found to contain no starting material by ultraviolet spectro- 
photometry. The addition of 600 ml. of hexane to the filtrate produced a 
precipitate which was collected after refrigeration for several hours. The 
dried product weighed 104 mg. It was found to darken above 235° and to 
melt at 255-256°. 


C;H.sO.N2. Calculated, N 17.72; found, N 17.95 


RESULTS AND DISCUSSION 


Hahn and Haarmann (23) discovered the ability of yeast autolysates to 
convert cytosine into uracil and 5-methylcytosine into thymine. Chargafi 
and Kream (24) prepared cell-free extracts of yeast which hydrolyzed 
cytosine into uracil. Their findings were substantiated by our previous 
work (10, 25), in which it was demonstrated that S. cerevisiae utilized only 
1 nitrogen atom of cytosine for growth and was incapable of any growth 
on uracil, the corresponding deaminated compound, and that both S. 
cerevisiae and 7’. utilis were able to assimilate 1 nitrogen atom of 5-methyl- 
cytosine, but no nitrogen from thymine. The specificity of cytosine deam- 
inase was evident from the failure of either veast to grow on amino nitrogen 
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from 4-methyleytosine, 2-aminopyrimidine, isocytosine, and other amino- 
pyrimidines listed in Table I. 

The mechanism proposed by Cerecedo e¢ al. for the metabolism of uracil 
in dogs is illustrated in Diagram 1. The initial attack upon uracil was 
represented as oxidation at the 5 position to yield isobarbituric acid. This 
was not the manner of uracil metabolism by yeasts. 7’. utilis, a yeast 
culture which assimilated all uracil nitrogen, was unable to utilize any 
nitrogen from isobarbituric acid. ‘The further finding that T. uwézlis did not 
assimilate barbituric acid showed that the 4 position of uracil was not 
oxidized by this yeast as it was in soil bacteria (11-13). The failure of 
either isodialuric acid or alloxan to promote growth of 7’. uézlis eliminated 
the possibility of simultaneous oxidation at the 4 and 5 positions of uracil. 


NH—CO NH—CO NH—CO NH—CHO 
| 
CO CH— CO COH—CO CO — CO —> 
| 
NH—CH NH-—CH NH—CHOH NH—CO—COOH 
Uracil lsobarbituric Isodialuric Formyloxalurie acid 
acid acid 
NH, NH, 
| COOH 
CO — CO + | 
COOH 
NH—CO—-COOH NH, 
Oxaluric acid Urea Oxalie 
acid 


DiaGRAM 1. Mechanism of uracil metabolism in dogs proposed by Cerecedo et al. 


These observations were regarded as precluding oxidation as the initiad 
reaction of uracil catabolism by yeast. 

Carboxylation was eliminated as the first step in the assimilation of 
uracil because of the inability of both yeasts to grow on uracil-5-carboxylic 
acid or on orotic acid (uracil-4-carboxylic acid), a naturally occurring com- 
pound (26) utilized for pyrimidine biosynthesis in rats (27, 28), in slices of 
rat liver (29), and in Lactobacillus bulgaricus (30). 

The enzymatic hydrolysis of uracil was considered possible at three 
points, namely, at the 1,2, the 2,3, and the 1,6 amide linkages. Hydrolysis 
at either the 1,2 or the 2,3 position of uracil would yield unstable carbamic 
acid derivatives, both of which would be converted into 8-aminoacrylamide 
by decarboxylation. No synthesis of this compound has been devised. 
Malonamide, which differs from B-aminoacrylamide only by its possession 
of an additional atom of oxygen, was tested. It supported no growth of 
either yeast. Acrylamide was also useless as a nitrogen source. Ilydroly- 
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tic cleavage of uracil at the 1,6 linkage would yield 8-ureidoacrylic acid, 
another unknown compound. Hence we were unable to eliminate the 
possibility of uracil utilization by a mechanism involving hydrolytic cleay- 
age. 

Attention was turned to consideration of reduction as the step initiating 
uracil catabolism. Hydrouracil was tested and found, as uracil, to be 
assimilated completely by 7’. utzks, but to support no growth of S. cerevisiae, 
This finding led to scrutiny of possible metabolic degradation products of 
hydrouracil. Hydrolytic cleavage at the 1,2 or the 2,3 position was re- 


OC CH, 
HN—CH; 


8-Ureidopropionic acid 
T 
HN—CO HN By H.N—CO 
| 


OC CH, OC CH:.— CH: 


HN—CHCOOH HN—CH, H.N—CH, 


liydroorotic acid Hydrouracil 6-Aminopropion- 
amide 


HN—CO 
OC CHCOOH 


HN—CH, 
Ilydrouracil-5-carboxylie acid 


D1aGRAM 2. Investigated pathways of hydrouracil catabolism 


garded as leading to the formation of 8-aminopropionamide via the unstable 
carbamic acid products. Hydrolysis of hydrouracil at the 1,6 position 
would yield B-ureidopropionic acid. Enzymatic carboxylation of hydroura- 
cil could produce either hydrouracil-4-carboxylic acid (hydroorotic acid) or 
hydrouracil-5-carboxylic acid. These possible conversions are shown in 
Diagram 2. 

The four possible degradation products of hydrouracil were synthesized 
and tested. Hydrouracil-5-carboxylic acid did not support growth of either 
yeast and thus was eliminated as a catabolic product of hydrouracil which 
supported full growth of 7. utilis. 8-Ureidopropionic acid and B-amino- 
propionamide served as excellent nitrogen sources for 7’. utilis, but per- 
mitted no growth of S. cerevisiae. It is suggested that both compounds 
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were converted into B-alanine which has the same pattern of assimilation, 
namely, complete utilization by 7’. udilis and no utilization by S. cerevisiae. 
Hydroorotic acid was found to support full growth of both yeast cultures. 
This result was of particular significance, since it represented the only 
instance in which the nitrogen bound in a pyrimidine ring was assimilated 
by S. cerevisiae. Cytosine and 5-methyleytosine supported growth of S, 
cerevisiae, but only to the extent afforded by their free amino groups (10, 
25). 

The pathways investigated in the catabolism of hydroorotic acid are 
shown in Diagram 3. They consisted in hydrolysis at the 1,6 position to 
ureidosuccinic acid, reduction at the 3,4 position to succinylurea, and 
hydrolysis at either the 1,2 or 2,3 position to form asparagine after de- 


H.N—CO IIN—CO H.N COOH 
| 
Cll. <- OC CH. OC CH. 
| oe 
HN—CHCOOH IIN—CHCOOH 
Asparagine Hydroorotic acid Ureidosuccinie acid 
| 
HN—CO 
| 
OC CH: 


CH:.:COOH 
Succinylurea 


DraGraM 3. Investigated pathways of hydroorotic acid catabolism 


carboxylation of the unstable carbamic acids. Ureidosuccinie acid, an 
acyclic pyrimidine precursor in L. bulgaricus (30), was not utilized for 
growth by either S. cerevisiae or 7’. utilis, and was ruled out as the catabolic 
product of hydroorotic acid. Succinylurea also failed to support the 
growth of either yeast culture. Asparagine, however, was an excellent 
nitrogen source for both yeasts. 

Asparagine was known to inhibit the growth of S. cerevisiae when pan- 
tothenic acid was replaced by f-alanine (31, 32). The data presented in 
Table III showed that hydroorotic acid was not inhibitory under identical 
conditions. This evidence served to eliminate asparagine as the catabolic 
product of hydroorotic acid. 

It was known that S. cerevisiae Hansen required considerably more 
biotin for growth on urea (33) or on compounds converted into urea than 
was necessary for comparable growth on other nitrogen sources.2 The 
relative dependence of the assimilation of nitrogen from ammonium sulfate, 


*Di Carlo, F. J., Schultz, A. S., and Kent, A. M., unpublished work. 


id, 
he 
ng 
Me, 
of 
e- 


340 PYRIMIDINE METABOLISM BY YEASTS 


urea, hydroorotic acid, and asparagine upon the biotin concentration of the 
growth medium is illustrated in Fig. 1. The high biotin level needed for 
good growth on hydroorotic acid indicated that this compound was catabo- 
lized to urea. Asparagine was an effective nitrogen source at low biotin 
concentrations; obviously its assimilation was not routed through urea. 
The mechanism of asparagine assimilation was regarded as involving con- 
version into aspartic acid by the action of asparaginase, an enzyme found 


TaB_e 
Growth of S. cerevisiae on Asparagine, Hydroorotic Acid, and Urea in Presence of 
Pantothenic Acid and B-Alanine 


Pantothenic acid, B-Alanine, Growthf after 


N as (NH4)2SO« Test compound* y per tu per tube 

16hrs. 40 hrs. 

mg. 
2 | 5 8.7 12.8 
4 5 9.4 | 13.8 
Asparagine 5 6.5 | 10.5 
2 ss 5 11.0 | 13.5 
Hydroorotic acid 5 $.1 10.7 
2 S.0 13.0 
Urea 5 4.9 10.8 
2 ” 5 9.0 13.5 
2 1.7 8.6 12.6 
4 ee 9.0 13.5 
Asparagine 6.6 10.5 
2 0.7 0.8 
Hydroorotic acid 1.7 3.9 10.4 
2 Be 7.0 12.6 
Urea 4.7 10.8 
2 - 1.7 8.5 13.0 


* Furnished to the extent of 1.0 mg. of nitrogen per tube. 
t The growth data are expressed in terms of optical density X 10. 


in yeast by several groups of investigators (34), and the release of ammonia 
from aspartic acid to form fumaric acid. Aspartase, the enzyme which 
effects the latter conversion, was reported present in yeast autolysates 
(35). This interpretation was supported by the present findings that, 
whereas aspartic acid was an excellent nitrogen source for both yeast 
cultures, succinamic acid, obtainable from asparagine by deamination, sup- 
ported no growth of either culture, and 6-aminopropionamide, obtainable 
by decarboxylation of asparagine, supported growth of only 7. wtzlis. 

The preceding considerations led to the proposal of a metabolic pathway 
for the assimilation of pyrimidines by yeasts. The scheme is presented 1 
Diagram 4. 
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OPTICAL DENSITY X 10 


| | 
5 10 15 20 
BIOTIN, MZ 


Fic. 1. Effect of biotin concentration upon the extent of growth of S. cerevisiae 
on asparagine (Curve 1), ammonium sulfate (Curve 2), urea (Curve 3), and hydro- 
orotic acid (Curve 4) after 24 hours. 


IIN—CO HN—CO 
cytosine deaminase | 
HN—CH HN—ClIl HN—CH, 
Cytosine Uracil Hydrouracil 
IIN—-CO NIT, 
| 
OC CH; —+ CO 


| | 
HN—CHCOOH NH; 


Hydroorotic acid Urea 


Diagram 4. Mechanism proposed for the catabolism of pyrimidines by yeasts 
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SUMMARY 


1. The assimilation of nitrogen from 64 compounds by TVorula utilis and 
Saccharomyces cerevisiae Hansen was investigated. 7’. utzlis utilized prac- 
tically all of the nitrogen from fifteen of these compounds, whereas only 
six supported the growth of S. cerevisiae. 

2. T. utilis assimilated all of the nitrogen of uracil for growth, but failed 
to grow on isobarbituric or isodialuric acid. This showed that the yeast 
did not catabolize uracil by the pathway followed in dogs. 

3. A mechanism for the catabolism of pyrimidines by yeasts was sug- 
gested from structural considerations and growth data. 

4. The conventional scheme of asparagine catabolism received support 


in this work. 
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The inhibition of the spreading effect of hyaluronidase by the previous 
administration of sodium salicylate was reported by Guerra and Robles 
Gil (1). Subsequent investigations indicated that this phenomenon could 
not be explained on the basis of the direct inhibition of hyaluronidase by 
salicylates, since such inhibition could only be demonstrated in vitro at 
high salicylate concentrations (2-5). A possible explanation of this dis- 
crepancy was afforded by the report by Meyer e¢ al. (6) of an inhibitor of 
hyaluronidase in the urine of individuals to whom salicylates had been 
administered. The active substances were identified as gentisic and gen- 
tisuric acids (metabolic products of salicylic acid). These workers also 
reported that synthetic gentisic acid as well as other hydroquinones (hy- 
droquinonedicarboxylic acid, homogentisic acid, and polyporic acid) and 
the corresponding quinones inhibited hyaluronidase. It was postulated 
that the therapeutic activity of salicylates in rheumatic diseases may 
be a consequence of their conversion to gentisic acid. Clinical reports 
have varied in their conclusions with respect to the therapeutic efficacy 
of gentisic acid (7, 8). The reported inhibition of hyaluronidase in vitro 
is contrary to the results of Lowenthal and Gagnon (9) and Calesnick 
and Buetner (5). 

It is the purpose of this communication to report a series of experi- 
ments indicating that the inhibition of hyaluronidase by impure gentisic 
acid is not due to gentisic acid and probably not due to the corresponding 
quinone. These conclusions are partially based on the behavior of the 
enzyme toward the hydroquinone-benzoquinone system. 

The preparation of pure gentisic acid was of primary importance. Of 
the various methods available at the time this work was initiated, the 
procedure of Mauthner (10), involving the persulfate oxidation of salicylic 
acid, seemed most suitable. In our hands, however, this method yielded 
a highly colored product. Since numeyous recrystallizations did not re- 
move colored contaminants, it was necessary to devise new methods of 
purification. Lead salt fractionation was found most suitable for puri- 
fication of large quantities. 


*This investigation was supported by a grant from the Chicago Heart Asso- 
ciation. 
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A more satisfactory synthesis of gentisic acid is shown in the accom- 
panying structure.! The metallation reactions are similar to the general 
procedures of Wittig e¢ al. (11) and Gilman e¢ al. pe 


OCH; 
(1) Bu Li . 
CO, 
(2) CO, 
(3),H", 
| 
OCH; 


X = H (J) or Br (ID). 


It is of interest that the demethylation to gentisic acid proceeded 
smoothly, in contrast to the demethylation of homologous fatty acid 
derivatives (13). An alternative method of synthesis is based on the 
metal-halide exchange between the lithium compounds and the dimethyl 
ether of bromohydroquinone (II). This is analogous to other similar 
studies (11, 12). Both methods yielded satisfactory products. 

It is of interest that the bromo compound reacts rapidly with butyl- 
lithium, although it reacts slowly with activated magnesium to form the 
desired Grignard reagent. The metallation reactions were studied with 
the corresponding hydroquinones and with the dibenzyl ethers of hydro- 
quinone with less satisfactory results. 


Syntheses 


Methyl Ester of Gentisoquinone—This compound was prepared accord- 
ing to the method of Brunner (14) except that Drierite rather than po- 
tassium carbonate was used as the dehydrating agent. This modification 
yielded a purer product which was completely soluble in carbon disulfide. 

Purification of Crude Gentisic Actd—The crude acid was prepared ac- 
cording to the procedure of Mauthner (10). Since repeated recrystalliza- 
tion failed to remove the colored impurities, other means of purification 
were investigated. Small quantities of purified gentisic acid could be 
obtained by repeated sublimation at low pressure or by partition chroma- 
tography on Celite containing water, with ethyl acetate-chloroform mix- 
tures for elution. A more satisfactory procedure for purifying large 
quantities was lead salt fractionation. ‘lo a saturated solution of crude 
gentisic acid, a half saturated solution of neutral lead acetate solution was 
added until no further precipitation occurred. Excess lead was removed 
from the filtrate with hydrogen sulfide. Removal of the lead sulfide was 


1 Since the first report of this work (25), a more satisfactory method for the prepa- 
ration of gentisic acid has been published (26). 
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followed by ether extraction of the filtrate, drying of the ether extract 
with sodium sulfate, and concentration. The gentisic acid so obtained 
was of high purity, but occasionally was slightly colored. The contami- 
nants could be removed by recrystallization from methyl] acetate solution 
by the addition of chloroform. Analyses and melting points of such 
products agreed with those given below. 

Dimethyl Ether of Gentisic Acid from p-Dimethoxybenzene—TVhe reaction 
was carried out in a glass system in an atmosphere of dry nitrogen. 1.15 
gm. of p-dimethoxybenzene were dissolved in 50 ml. of anhydrous ether 
and the flask was attached to a reflux condenser. After flushing with 
nitrogen, a solution containing 1.05 equivalents of butyllithium (standard- 
ized by the usual procedure (11)) in 50 ml. of anhydrous ether was care- 
fully added. ‘The solution was refluxed for 12 hours and allowed to stand 
at room temperature for 12 hours. The mixture was then poured in a 
fine stream over a wide area on powdered solid carbon dioxide in an at- 
mosphere of nitrogen. After the carbon dioxide had sublimed, 50 ml. 
of 1.0 n hydrochloric acid and 50 ml. of ether were added. The separated 
ether layer was washed with water and extracted with two 8 ml. portions 
of 5 per cent sodium hydroxide. Acidification of the alkali yielded 
0.75 gm. of white needles melting at 78-79° (76° reported).2 Recrystal- 
lization could be effected either from water or benzene-petroleum ether 
mixtures. 

Dimethyl Ether of Gentisic Acid from Bromo-p-dimethoxybenzene—1.48 
gm. of bromo-p-dimethoxybenzene dissolved in 30 ml. of anhydrous ether 
were treated with 0.99 equivalent of butyllithium in the manner described 
above and allowed to stand for 15 minutes before being poured on powdered 
carbon dioxide. ‘The resultant mixture yielded 1.10 gm. of the product 
melting at 77—78°. 

Gentisic Acid—The dimethyl ether of gentisic acid obtained by either 
of the above procedures (0.36 gm.) was refluxed in 15 ml. of 48 per cent 
hydrobromic acid for 3 hours. 15 ml. of water were added and the mix- 
ture was extracted twice with ether (30 ml. each). The ether layers were 
combined, washed twice with 6 N hydrochloric acid and then with water, 
dried over sodium sulfate, and concentrated. 0.25 gm. of gentisic acid 
was obtained. Occasionally, the product was slightly colored at this point, 
and final purification was effected by vacuum sublimation (at 10-4 mm.), 
yielding a white product which melted at 204°. 


C;H.Q,.* Calculated, C 54.54, H 3.89; found, C 54.50, H 3.91 


? All melting points are corrected. 
*The microanalyses were performed by Mr. William Saschek, Department of 


Chemistry, University of Chicago. 
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Enzyme Laperiments 


Inhibition of hyaluronidase was determined by the turbidimetric method 
of Dorfman and Ott (15). Some of the experiments were repeated by the 
viscosimetric method (16), with identical results. The amounts of jn- 
hibitor are expressed as concentrations in the final reaction mixture which 
consisted of enzyme, substrate, and inhibitor. 

Iffect of Gentisic Acid on Hyaluronidase——Pure gentisie acid, prepared 
as described above, did not inhibit hyaluronidase at 0.0025 mM. In con- 
trast, crude gentisic acid prepared by the method of Mauthner (10), at 
the same concentration, resulted in 85 per cent inhibition. The amount 
of inhibition by different preparations of crude gentisic acid varied, being 
in general highest for products with the greatest amount of color and 
lowest melting points. Pure gentisic acid could be rendered inhibitory 
by previous treatment with alkali under the conditions described below. 

Since the hyaluronidase inhibitor of serum requires magnesium ion for 
its activity (17), the effect of this ion on inhibition by alkali-treated gen- 
tisic acid was investigated. No increased inhibition was observed. 

The fact that the active inhibitor appeared to be an oxidation product 
of gentisic acid suggested the possibility that the inhibition of the enzyme 
was due to the oxidation of sulfhydryl groups. It was therefore of interest 
to determine whether glutathione, cysteine, or thioglycolic acid could 
either protect or reactivate the enzyme. Over a wide range of concen- 
trations of these substances, no indication of protection or reactivation 
was evident. 

Extracts of liver slices incubated with gentisate showed a barely de- 
tectable increase in inhibitory potency over extracts of slices incubated 
without gentisate. 

Optimal Conditions for Production of Inhibitor from Gentisic Acid—The 
conditions necessary for production of inhibitor from gentisic acid by 
treatment with alkali were studied. These experiments were conducted 
on purified gentisic acid, which in itself was not inhibitory. Following 
appropriate treatment with added alkali at 38°, the solution was acidified 
to approximately pH 3 with HCl, and the mixture was adjusted to contain 
0.15 N sodium chloride in the solution used for assay. 

That oxygen affects this reaction was shown by the fact that alkali 
treatment of a solution of gentisate in the presence of nitrogen resulted 
in a preparation which showed only 11 per cent inhibition as compared 
with 35 per cent for a similar solution treated in air. 

The use of increasing concentrations of alkali indicated that the amount 
of inhibitor produced was proportional to the concentration of sodium 
hydroxide up to 0.15 N, but above this concentration the vield of inhibitor 


decreased. 
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Rate studies demonstrated that the amount of inhibitor formed (at 
room temperature) increased with time up to 3.5 hours. With 0.15 N 
alkali at 30 minutes, there was no significant difference in yield of in- 
hibitor with temperature varying between 7—99°. 

Inhibition of Hyaluronidase by Other Hydroquinones and Related Sub- 
stances—Homogentisic acid, the methyl ester of gentisic acid, hydro- 
quinone, and p-aminosalicylic acid were found to be without effect on 
hyaluronidase. On treatment with alkali, all of these substances became 
inhibitory (Tables I and II). Quinone, quinhydrone, and the methyl 
ester of gentisoquinone were inhibitory without previous alkali treatment. 
It is of interest to note that quinhydrone showed an activity equal to an 
equivalent amount of benzoquinone. 


TABLE I 
Inhibition of Hyaluronidase by Compounds Related to Gentisic Acid 
The final concentration of all substances tested was 2.5 X 10°? um. Alkali treat- 
ment was carried out by dissolving the material in 0.15 nN NaOH and incubating at 
38° in air for 30 minutes. The mixture was neutralized with HCI and the concen- 
trations adjusted so that the final concentration of NaCl was constant for all com- 
pounds tested. Inhibition was studied by the method previously published (16). 


Compound Inhibition 
Methyl 83 
Alkali-treated homogentisic acid................... | 90 


It will be seen in Table II that, although quinone was inhibitory, its 
activity was increased by alkali treatment. Thus alkali-treated benzo- 
quinone shows 33 per cent inhibition at 0.31 X 10-4 M as compared with 
30 per cent inhibition for benzoquinone at 3.1 K 104m. At 3.1 K 10-4 
alkali-treated material produces complete inhibition. These results sug- 
gested that the inhibitor may not be the quinone but rather a further 
reaction product. This possibility was examined in the next group of 
experiments. 

Solubilities of Inhibitors Formed from Gentisic Acid and Benzoquinone - 
A series of experiments was performed to determine whether the inhibitory 
substances possessed properties markedly different from the respective 
quinones. Although gentisoquinone has not yet been prepared, the corre- 
sponding methyl] ester is known, and the solubilities of the acid quinone 
can be predicted. 

These studies consisted in subjecting solutions of benzoquinone and 
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gentisic acid to alkali treatment and then extracting the acidified (pH 3) 
or the neutralized product with ether. A control series of experiments 
was performed in which the alkali treatment was omitted but the solutions 


TaBLeE II 
Inhibition of Hyaluronidase by Hydroquinone and Benzoquinone 
The conditions of assay and alkali treatment were as described in Table I. 


Concentration in 


Compound final assay mixture Inhibition 

| M X 10-4 per cent 
Alkali-treated hydroquinone....... 3.1 23 
Alkali-treated benzoquinone...................... 0.31 33 
Alkali-treated quinhydrone....................... 0.62 24 


TABLE III 
Ether Extraction of Alkali-Treated Gentisic Acid 


A solution of 0.01 M gentisic acid in 0.15 mM NaOH was allowed to stand for 30 min- 
utes at 38° in air. Following neutralization with HCl (to pH 7), an aliquot was 
removed for testing and the remaining material was extracted four times with equal 
volumes of ether. The extracts were combined, concentrated to dryness, and dis- 
solved in a volume of 0.15 mM NaCl equal to the extracted solution. Control experi- 
ments were performed which were identical except that a 0.15 m NaCl solution of 
gentisate was substituted for the alkali-treated material. All samples were tested 
for inhibition of hyaluronidase as indicated in Tables I and II. In another series 
of experiments the alkaline solutions were acidified to pH 3 rather than neutralized 
as described above. The results obtained were similar to those reported below. 


| Fractions | Inhibition, Color 
| ! per cent | 
Centisate in saline Original solution | 0 Colorless 
Ether extract* 0) 
Residue after extraction | 0 
Alkali-treated gentisate Original solution 85 Brown 
Ether extractt 0 | Slight yellow 
Residue after extraction 37 | Brown 


* Contained all the gentisie acid. 
t Contained 50 to 80 per cent of the gentisic acid added originally. 


were brought to the same pH and salt concentrations for extraction. The 
original solutions, dried ether extracts, and aqueous residues were then 
made up to identical salt concentrations and pH for determination of 
hyaluronidase inhibition. 

The results are presented in Tables III and IV. Without alkali oxida- 
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tion both compounds behave in the expected manner. However, after 
alkali treatment, the inhibitory substances produced show solubilities 
markedly different from the original compounds. In the case of gentisic 
acid, after the oxidation, 50 to 80 per cent of the added gentisate can be 
recovered from the ether extract (which might be expected to contain the 
acid quinone), although all of the inhibitor remains in the aqueous residue. 
Benzoquinone, however, although treated in a milder manner, appears to 
be completely changed, yielding hydroquinone (25 per cent recovered) and 
unidentified inhibitory substance (or substances) which remains in the 


aqueous layer. 
Similar results were obtained in experiments with other solvents (ben- 


TABLE LV 
Ether Extraction of Alkali-Treated Benzoquinone 


The experiment was performed as in Table III except that the quinone was treated 
with alkali for only 2 minutes at room temperature. 


Fractions Color 
per cent 
Benzoquinone in saline Original solution 30 Orange 
Ether extract* 25 vs 
Residue after ether extraction 0 Colorless 
Alkali-treated benzoquinonef; Original solution 33 Brown 
Ether extractf 0 Colorless 
Residue after ether extraction | 28 


| Brown 


* Contained all of the added benzoquinone. 

t All the fractions were diluted with 10 volumes of 0.15 m NaCl for assay. 

t Contained no benzoquinone, but 25 per cent of added benzoquinone was re- 
covered as hydroquinone. 


zene, chloroform, etc.). Benzoquinone subjected to the same conditions 
of alkaline oxidation as gentisic acid yielded results similar to those ob- 
tained with the milder procedure. 

Inhilition of Hyaluronidase by “Humic Acid’”—The solubilities of the 
inhibitors as determined in the preceding experiments suggested that the 
active material might be “humic acid,” which can be obtained from ben- 
zoquinone (18). 

5 gm. of benzoquinone were refluxed in | liter of water for 24 hours. 
The cooled mixture was filtered, and the dark precipitate was washed 
repeatedly with water, and finally dried in vacuo. The “humic acid” 
obtained showed solubilities and properties similar to those described 
previously (18). 

Since the substance is extremely insoluble in water, it was dissolved in 
0.15 M sodium hydroxide and neutralized immediately with hydrochloric 
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acid. Only at low concentrations (in the range of 1.0 mg. per ml.) did the 
material remain in solution. Solutions were diluted with 0.15 » saline 
for assay. Table V indicates the results obtained at various concentra- 
tions of “humic acid.”’ It should be particularly noted that the substance 
is active at low concentrations. 


TABLE V 
Inhibition of Hyaluronidase by ‘‘Humic Acid”’ 
The humic acid was dissolved in NaOH and neutralized with HCl so that the 


final concentration was 1 mg. of ‘‘humic acid’’ per ml. of 0.15 mM NaCl. Dilutions 
were then made in 0.15 mM NaCl and the solutions were tested as described in Table I. 


Concentration of — in final reaction | Inhibition 
y per ml. | per 

0.25 5.0 
2.5 | 36.3 
6.3 76.6 

12.5 88.3 

18.8 92.5 

25.0 100 

TABLE VI 


Effect of Dialysis on ‘“‘“Humic Acid”? Inhibition of Hyaluronidase 


Two solutions were prepared as described in Table V. The solutions were dial- 
yzed (Visking casing) for 3 days against 0.15 mM NaCl with vigorous stirring. Suitable 
aliquots were maintained under identical conditions of temperature but were not 
dialyzed. 


Concentration of solutions Inhibition 

> per ml. y per mil. per cent 
| 3.6 48 


Dialysis against 0.15 N NaCl for 3 days of two solutions at different 
concentrations demonstrates that both the color and inhibitory activity 
are non-dialyzable (Table V1). 

A neutralization equivalent of 229 was obtained by dissolving the sub- 
stance in excess alkali, and back-titrating with standard acid to pH 8.9. 
Since it is probable that this polymer is a mixture, it is dificult to interpret 
this value, although it does indicate the presence of a considerable number 
of acidic groups. 
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DISCUSSION 


The results obtained indicate that pure gentisic acid and the other 
hydroquinones tested do not inhibit hyaluronidase zn vitro. When treated 
with alkali in the presence of air, these substances become active inhibitors 
of the enzyme. The question remains as to the nature of the substances 
produced by alkali treatment. A possible explanation is that quinones 
formed from the hydroquinones are the sole active inhibitors. Benzo- 
quinone (‘Table IT) as well as other quinones (6) do show marked inhibitory 
activity similar to that observed with other enzymes. The following con- 
siderations, however, tend to invalidate this idea: (1) gentisoquinone is 
apparently quite unstable, since numerous attempts to prepare it by us 
and by others have been unsuccessful (9, 14); (2) although benzoquinone 
is itself active, alkali treatment results in marked increase (10-fold) in its 
activity (Table II); (3) after gentisic acid is treated with alkali, the active 
substance (or substances) is not extractable with ether from the acidified 
solution, as might be expected if it were gentisoquinone. 

It has been suggested (7) that the semiquinones are responsible for the 
inhibition of hyaluronidase. This hypothesis is not supported by the ex- 
periments of Michaelis (19, 20) who found no detectable semiquinone in 
the benzoquinone-hydroquinone svstem at the pH used in the inhibition 
experiments. 

It appears possible that the inhibitory substances produced from hydro- 
quinones such as gentisic acid are similar to the substances produced by 
direct action of alkali on quinones. It is wel] known that alkali (and air) 
produce quinones from many hydroquinones. Despite the fact that the 
action of alkali on benzoquinone was first noted in 1838 (21), and that 
considerable effort has been expended in attempting to elucidate both the 
mechanism of the reaction and the products formed, little is as yet known 
concerning this reaction. It has been established that the ring opens 
with the formation of acidic products (18, 22), but the structure of the 
“humic acid”? which was isolated remains to be determined. Certainly, 
as shown here, the substance is not of low molecular weight, since it is 
apparently non-dialyzable. Since this polymer exhibits activity at such 
low concentration, it is possible to explain the 10-fold increase in inhibitory 
properties of alkali-treated benzoquinone on the basis of the formation of 
this substance (or substances). Furthermore, it is probable that gentisic 
acid yields similar compounds by this treatment. This conclusion is sup- 
ported by the report of Nef (23) that ferric chloride oxidation of gentisic 
acid yields benzoquinone and carbon dioxide. 

The inhibition of many enzymes by quinones is well established and is 
generally believed to result from combination with sulfhydryl and amino 
groups at active centers. The alleged réle of sulfhydryl groups is largely 
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based on the fact that quinone inhibition is frequently reversed by reduc. 
ing agents. It would seem of importance in some cases, especially when 
the pH is greater than 7, to consider the possibility that quinone decom- 
position or polymerization products are actually the active substances (24), 


SUMMARY 

Pure gentisic acid has been prepared by the reaction of either p-dimeth- 
oxybenzene or p-dimethoxybromobenzene with butyl- (or phenyl-) lithium, 
followed by carbonation and demethylation of the resulting dimethoxy- 
benzoic acid to yield gentisic acid. 

It was found that purified gentisic acid, in contrast to crude material, 
does not inhibit hyaluronidase in vitro. Pure gentisic acid could be acti- 
vated by treatment with sodium hydroxide solution in the presence of air, 
No effect of magnesium ion, glutathione, cysteine, or thioglycolic acid on 
the oxidized gentisic acid inhibition was noted. 

Of the various other substances which were tested as inhibitors of hy- 
aluronidase, only the quinones were found to be active. 

The activity of benzoquinone was increased 10-fold by treatment with 
alkali. This and other evidence suggests that products other than qui- 
nones were responsible for the inhibitory effect of alkali-treated gentisic 
acid, hydroquinone, and homogentisic acid. When “humic acid” obtained 
from benzoquinone was tested, it was found to be an extremely active 
inhibitor. Some of the properties of “humic acid” were determined, the 
most significant being that it is non-dialyzable. 


BIBLIOGRAPHY 


. Guerra, F., and Robles Gil, J., Arch. inst. cardiol. México, 16, 293 (1946). 

. Dorfman, A., Reimers, E. J., and Ott, M. L., Proc. Soc. Exp. Biol. and Med., 
64, 357 (1947). 

. Meyer, K., Physiol. Rev., 27, 335 (1947). 

. Swyer, G. I. M., Biochem. J., 42, 31 (1948). 

. Calesnick, B., and Buetner, K. R., Federation Proc., 8, 278 (1949). 

Meyer, K., Ragan, C., and Weinshelbaum, H., Federation Proc., 7, 173 (1948). 

Meyer, K., and Ragan, C., Science, 108, 281 (1948). 

. Camelin, A., Accoyer, P., Pellerat, J., Lafuma, J., and Coirault, R., Bull. Soc. 
méd. Hép. Paris, 65, 826 (1949). 

9. Lowenthal, J., and Gagnon, A., Canad. J. Res., 26, 200 (1948). 

10. Mauthner, H., J. prakt. Chem., 156, 150 (1940). 

11. Wittig, G., Newer methods of preparative organic chemistry, New York (1948). 

12 

13 


. Gilman, H., Organic chemistry, 2nd edition, chapter 5, New York (1943). 
. Fieser, L. F., Gates, M. D., Jr., and Kilmer, G. W., J. Am. Chem. Soc., 62, 2966 
(1940). 
14. Brunner, L., Monatsh. Chem., 34, 913 (1913). 
15. Dorfman, A., and Ott, M. L., J. Biol. Chem., 172, 367 (1948). 
16. Dorfman, A., Ott, M. L., and Whitney, R., J. Biol. Chem., 174, 621 (1948). 


‘ 


S. ROSEMAN AND A. DORFMAN 355 


17, Freeman, M. E., Whitney, R., and Dorfman, A., Proc. Soc. Exp. Biol. and Med., 


70, 524 (1949). 


18. Hartley, W. H., and Leonard, A. G. G., J. Chem. Soc., 95, 34 (1909). 


19 


. Michealis, L., Chem. Rev., 16, 269 (1935). 

. Michaelis, L., J. Am. Chem. Soc., 58, 873 (1936). 

. Woskresensky, A., Ann. Chem., 27, 269 (1838). 

. Schaer, G., Arch. Pharm., 243, 205 (1905). 

. Nef, J. U., Ber. chem. Ges., 18, 3499 (1885). 

. Grant, W. M., and Kinsey, V. E., J. Biol. Chem., 165, 485 (1946). 

. Roseman, 8., Pearson, F., and Dorfman, A., Federation Proc., 8, 245 (1949). 
. Lowenthal, J., and Pepper, J. M., J. Am. Chem. Soc., 72, 3292 (1950). 


| 
m- 
4). 
21 
23 
‘h- | 
Mm, 25 
y- 26 
r. 
4 
KUM 


7 
‘ 


SPECIFICITY OF ESTERASES 
I. IDENTIFICATION OF TWO PANCREATIC ALIESTERASES* 


By B. H. J. HOFSTEE 
(From the Palo Alto Medical Research Foundation, Palo Alto, California) 


(Received for publication, April 15, 1952) 


A plot of some linear relationship between reaction rate (v) and substrate 
concentration (S) is commonly used to estimate the constants of an enzyme 
system that follows the Michaelis-Menten theory of enzyme action. In 
cases in which there is certainty that only one enzyme is involved, it 
suffices to apply such a plot over a relatively short range of substrate con- 
centrations. This certainty does not often exist, however. Short range 
plots then have little meaning, even if reasonable linearity is obtained, 
since they represent part of a curve which as a whole may have a curva- 
ture. 

On the other hand, a non-linear curve, being the result of the presence of 
two or more enzymes acting simultaneously on the same substrate while 
the constants are different, can be used for identification of the enzymes. 
A condition for such a procedure is that a plot is used in which equal 
emphasis is laid upon all experimental data. 

Unfortunately, the plots most commonly used (1/S versus 1/v and S 
versus S/v) do not satisfy this condition and as a result do not represent a 
simple addition of the individual curves (1). The only plot of the Mi- 
chaelis-Menten equation where the individual enzyme systems contribute 
to the resulting curve in direct proportion to the magnitude of their con- 
stants is a plot of v against v/S (1), based on the equation V, = v + vKy/S. 

A further condition is that the method of activity determination allows 
the measurement of initial reaction rates over a wide range of substrate 
concentrations. 

In the present investigation, the esterolytic activity of a pancreatic 
lipase preparation (steapsin) with respect to valerylsalicylic acid was deter- 
mined over a 100-fold range of the substrate concentration. The slope of 
the curve obtained from a plot of v against v/S increased about ten times 
from the lowest to the highest substrate concentration used. This indi- 
cated the presence of two or more enzymes with different Ky values. 
After isolating one of the enzymes, it could be shown that the original 
curve was a result of simultaneous action of essentially two esterases of 
which the constants Vm and Ky were entirely different. It was shown 


* Not identical with lipase or cholinesterase. 
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further that neither of these two enzymes is identical w -~ the enzyme that 
hydrolyzes olive oil (lipase) or with cholinesterase. 


EXPERIMENTAL 
Preparations 


Enzymes—As starting material, a commercial preparation of lipase 
(steapsin, Fisher) made from hog pancreas was used. The powder was 
mixed with water and the mixture filtered over Celite, resulting in a clear 
solution. A 1 per cent extract was kept frozen in lots of 1 ml. Its ester- 
olytic activity with respect to any of the substrates used did not change 
over a period of several weeks under these conditions. 

Substrates—Valerylsalicylic acid was prepared by a method similar toa 
procedure for the synthesis of acetylsalicylic acid (2). A mixture of n- 
valeric anhydride (Fisher), an excess of salicylic acid, and a few drops of 
concentrated sulfuric acid was heated 30 minutes at 50—60° with frequent 
stirring. The clear mixture was then poured out into water. After the 
product had solidified, it was filtered by suction and recrystallized from 
warm 35 per cent alcohol. This was repeated until it was free from un- 
changed salicylic acid (purple with FeCl;, absorption at 300 my) and con- 
stant melting point (86°) was obtained. The ester will also be referred to 
as Cs. 

It will be shown in the next paper (3) that, of a homologous series of 
these fatty acid esters, Cs is hydrolyzed at the highest rate by the steapsin 
extract. For this reason, it was selected for the present experiments. 

Olive oil, U. S. P. grade, was made into a 10 per cent emulsion (Waring 
blendor) with the aid of an equal amount of gum arabic. 


Methods 


For the spectrophotometric determination of reaction rates, a method 
was used as described previously (4). It is based on the fact that salicylic 
acid strongly absorbs ultraviolet light of a wave-length of 290 to 300 my, 
while its esters obtained by esterification of the OH group with fatty acids 
do not absorb at all in this region. The substrate, n-valerylsalicylic acid, 
was brought into solution by heating the powder gently with a few drops 
of alcohol and mixing the melt with 0.075 m veronal buffer of pH 8.0, to 
which an amount of normal NaOH, sufficient to neutralize the free carboxy 
group, had been added. A fresh 0.1 m solution and dilutions therefrom 
were kept in the cold room for not longer than 1 day. The rate of spon- 
taneous hydrolysis was low under these conditions. ‘The cuvettes in which 
the activity was followed contained substrate, enzyme, and buffer. No 
activating substances were added. The reference cuvette contained buffer 
and substrate only. This procedure canceled the influence of spontaneous 
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hydrolysis on the observed reaction rate. Final substrate concentrations 
from about 10~ to 10-7? Mm were used. ‘The spectrophotometer (Beckman) 
was provided with a thermospacer through which water of 30° was circu- 
lated. 10 minutes temperature equilibration was allowed before the first 
reading. The enzyme concentrations were such that the rate of increase in 
absorption at 300 my was constant during at least 30 to 60 minutes. 

The activities (v) in this paper are expressed as micromoles of substrate 
hydrolyzed per 1 ml. of 1 per cent steapsin extract per 30 minutes at pH 
80 and 30°. 1 um of salicylic acid liberated in a volume of 3 ml. corre- 
sponds to a AEj‘em.” of 1.15. 

Some further comment on the accuracy and reliability of the method, of 
which only a preliminary report has been given (4), might be in order here. 
On the basis of the figures and the conditions given above, a 10~ M solution 
of the substrate has a maximum AF of 0.345 and is about the lower limit 
of the concentrations at which measurement of initial reaction rates is 
possible in cuvettes of 1 cm. diameter. Since the substrate itself does not 
absorb at 300 muy, the upper limit is determined only by spontaneous 
hydrolysis, which ‘“‘blackens” the reference cuvette when approximately 
1 ym of substrate has been hydrolyzed. Even at a concentration as high 
as 3.3 X 10°? Mm, however, this spontaneous hydrolysis, in the case of the 
Cs compound, does not interfere with the rate measurements over a period 
of 1 hour or longer. 

Under identical conditions, duplication of activity determinations can 
easily be obtained within 1 per cent, but the over-all maximum experimental 
error for individual determinations is much higher, as would appear from 
the deviations from the smooth lines in Fig. 1. ‘Therefore, accurate deter- 
minations of the final constants of the enzyme systems can be made only 
from plots of a large number of experimental data. 

As pointed out above, spontaneous hydrolysis of the substrate (substrate 
blank) is automatically compensated for by its presence in the reference 
cuvette. However, possible non-enzymic cleavage of the substrate by con- 
taminating substances in the enzyme preparation has also to be taken into 
consideration. Such reactions of the substrate with free ammonia and 
several amino acids and polypeptides (ammonolysis) were observed. Also, 
cleavage by alcoholysis might be possible, although no such reaction could 
be seen by heating the substrate with 96 per cent alcohol. Recently, 
Dirks and Boyer (5) gave evidence that —-SH groups are active in this 
respect. 

In the case under discussion, the enzyme blanks (heated enzyme) were 
of the order of 1 per cent and were neglected, since they were well within 
the experimental error.’ 


1 Dirks and Boyer (5), working with chromogenic acetyl esters as substrates for 
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Titrimetric determinations with olive oil as the substrate were carried 
out as follows. 5 ml. of the emulsion, | ml. of 20 per cent Na taurocholate, 
and 13 ml. of water were mixed in a beaker placed in a small water bath on 
top of an electromagnetic stirrer (Mag-Mix). No buffer was added. Im- 
mersed in the bath around the beaker was a glass coil through which water 
of 30° was circulated. After temperature equilibration, 1 ml. of enzyme 
solution was added and the pH immediately brought to 8.0 (zero time), 


V/S 
Fic. 1. Esterolytic activity (v) of a 1 per cent steapsin extract as influenced by 
the concentration GS) of valerylsalicylic acid as the substrate. Temperature 30°; 
pli 8.0.¢.Curve T, crude extract; Curve I, purified material precipitating at pH 4 5 
to 4.3; Curve II, obtained by subtracting Curve I from Curve T along the lines 
through the origin; and Curve 8, supernatant of the precipitate. 


The amount of 0.05 Nn NaOH that had to be added over a certain time 
interval to keep the pH constant (glass electrode) was taken as a measure 
of activity. Effective stirring was obtained by a ee iron rod on 
the bottom of the beaker. 

Although duplication of results is obtainable by this method, it has the 


wheat germ esterase, found the ratio of non-enzymic to enzymic cleavage unfavor- 
able. However, the rate of non-enzymic cleavage of esters of longer chain fatty 
acids (e.g. Cs) is considerably lower than that of the acetyl compounds while, at 
least in the case of the pancreatic esterases (3), the rate of enzymic hydrolysis is up 
to 50 times as high. The authors agree (personal communication) that under such 
conditions this method is much more satisfactory. 
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disadvantage that the observed reaction rate tends to drop, while no strict 
proportionality between enzyme concentration and the reaction rate is 
obtained, in contrast to the spectrophotometric method. 


Results 


In Fig. 1, Curve T shows the influence of the substrate concentration on 
the activity of the crude steapsin extract witb respect to the salicylic acid 
ester as the substrate. Assuming compliance with the Michaelis-Menten 
theory, a straight line would be expected as a result of a plot of v against 
v/S if only one enzyme were involved. The slope of the curve would 
represent the Ay of the system. Since Curve T is clearly non-linear, it 
would appear that two or more enzymes with different Ky values act 
simultaneously on the substrate. | 

When the extract (pH 6) is treated with acetic acid, the solution remains 
clear until between pH 4.5 and 4.3 a precipitate is formed. Curve I was 
obtained with this material reprecipitated twice after centrifugation and 
redissolving at pH 6.0 with NaOH. ‘The curve is approximately linear 
and appears to run about parallel to one end of the original curve, suggest- 
ing that it might represent one of the enzymes (Enzyme I). If only two 
enzymes are involved that act independently of each other, subtraction of 
the straight line from the original curve would give another straight line 
representing the other enzyme (Enzyme IT). However, part of Enzyme I 
will have been lost in the purification procedure and therefore a parallel of 
the experimentally determined curve should be subtracted. Such a parallel 
(Curve I, Fig. 1) could be found by multiplying by a factor of 2.0. Small 
deviations from this factor cause the curve, obtained after subtraction 
along lines through the origin, to be clearly non-linear. If more than two 
enzymes with different AK y values were involved, the original curve could 
not be an exact summation of two straight lines. The fact that the result- 
ing line (Curve II, Fig. 1) is straight indicates that it represents the only 
other enzyme present involved to any extent in the hydrolysis of this par- 
ticular substrate. 

If Enzyme II were also stable in acid and had remained in the super- 
natant after precipitation of Enzyme I, a plot of v versus v/S obtained with 
the supernatant as the enzyme source should then run parallel to Curve IT. 
This appears to be the case except for a deviation at low substrate concen- 
trations. This deviation may be attributed to small amounts of Enzyme I 
still present in the supernatant or to some unknown factor that causes even 
Curve I to deviate slightly from the straight line. The curve for Esterase 
IT is thus more accurately obtained by subtraction than by direct deter- 
mination in the supernatant. From Curve § it would follow that roughly 
30 per cent of Esterase II is lost by the acid treatment. 

Previously (4) evidence has been given that. the esterolytice activity of 
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the steapsin preparation with soluble glycerides (e.g., monobutyrin) as the 
substrates may be caused, at least in part, by the same enzymes that 
hydrolyze fatty acid esters of salicylic acid. These last substrates, hoy. 
ever, are not hydrolyzed by the same enzyme that hydrolyzes olive jj 
(lipase), as can be concluded from experiments summarized in Table J, 

Table I shows that practically all the lipase activity is in the precipitate, 
while the esterolytic activity with respect to the valeryl ester 1s distributed 
over precipitate and supernatant. The enzyme in the precipitate that 
hydrolyzes Cs is not identical with lipase, however, since the material is 
heat-labile (7.5 minutes at 50°, pH 6) with respect to Cs, but heat-stable 
with olive oil as the substrate. This confirms the findings of Fodor that 
‘‘lipase”’ is more heat-stable than “esterase’’ (6). 


TABLE I 


Relative Esterolylic Activities of Different Fractions of Extract of Steapsin with Respect 


to Different Substrates and Influence of Heat on These Fractions 


Ppt. pH 4.3 
1 per cent steapsin = 100|P 
100 
Substrate 
| Heated 7.5 | Heated 10 | (3'thmes)~ 
| Hea ? ea imes), 
Ppt. pH 4.0 |Supernatant! min. at 50°| min. at 50° fresh 
extract 
Valery] ester (spectrophotometric) 34 52 0.0 100 90 
Olive oil (titrimetric) 80 <8 | =83 10-20 


Furthermore, repeated precipitation at pH 4.3 deprives the precipitate 
of its lipase activity to a greater extent than of its activity with respect to 
Cs. 

A further point of evidence for this non-identity is found in the observa- 
tion that Cs, which has a relatively high affinity (Ky = 3.8 X 10~“) for 
Enzyme I, does not inhibit the hydrolysis of olive oil. Since the salicylic 
acid ester is hydrolyzed 100 times more slowly than olive oil, it would 
block this reaction if in both cases the hydrolytic action were caused by the 
same active groups. 

In contrast to the precipitate, the supernatant is heat-stable at 50° 
(10 minutes, pH 6) with respect to Cs as the substrate, although it is 
inactivated by heating at 100°. This confirms the conclusion from the 
above plots that two different enzymes are involved. 

Since the enzymes in question are not inhibited by low concentration of 
eserine, they are not identical with any of the cholinesterases. Further 
investigation into the possible identity of Esterase I and Esterase II with 
other esterolytic enzymes known to occur in pancreas is in progress. 
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DISCUSSION 


Theoretically, if compliance with the Michaelis-Menten theory could 
be relied upon, Curve T, Fig. 1, would be sufficient to identify the two 
enzyme systems and to determine their constants by mathematical analysis. 
Such calculations are rather complicated, however, and the accuracy of the 
results is dubious, since they involve the determination of changes in the 
slope of the experimentally obtained curve. In the present case, isolation 
of one of the enzymes makes mathematical treatment superfluous. 

From Fig. 1 the relative maximum rates of hydrolysis for the two enzyme 
systems (intercepts of Curves I and II with the ordinate) can be estimated 
as 0.6 and 1.6, while the Michaelis constants (slopes of the curves) are 
38 xX 10-* and 5.4 X 10° respectively. Such constants serve only to 
show the presence of two distinct esterolytic entities. ‘Their absolute 
values have little meaning, since they hold only for this particular substrate 
under the given conditions and probably are not determined by the fatty 
acid moiety only. A homologous series of compounds of this kind, how- 
ever, will give an opportunity to characterize the esterases by which they 
are hydrolyzed in terms of the influence of the chain length of the fatty 
acids on the constants. It will be seen in the following communication (3) 
that Esterase I and Esterase II show different patterns with regard to the 
C chain lengths of the fatty acids, which patterns in some respects, however, 
seem to be related. 7 


SUMMARY 


The esterolytic activity (v) of an extract of a pancreas preparation 
(steapsin) was determined over a 100-fold concentration of the substrate 
(S), n-valerylsalicylic acid, by a sensitive spectrophotometric method. 

A plot of v against v/S was non-linear and revealed the presence of at 
least two enzymes with different Ky values. 

By bringing the pH of the extract to 4.3, a precipitate was formed. 
This was repeated twice after centrifugation and redissolving of the precipi- 
tate at pH 6. The determinations of activity were repeated with this 
purified material over the same wide range of substrate concentrations. <A 
plot of v versus v/S then showed a straight line (slope = Ky = 3.8 X 107), 
indicating the presence of only one enzyme (Esterase T) with respect. to the 
valeryl ester as the substrate. A parallel of this straight line could be 
found which, when subtracted from the original curve, gave another straight 
line (slope = Ky = 5.4 X 107%). This was taken as evidence that the 
original extract, in addition to Esterase I, contained only one more enzyme 
(Esterase II) that hydrolyzed valerylsalicylic acid at a measurable rate. 
Part of this enzyme was subsequently shown to be still present in the 
supernatant after the first acid treatment. 


a 

the 

Nat 

)W- 

te, 
at 
is 
le 
at 
ad 
3 
| 
3 


364 SPECIFICITY OF ESTERASES. I 


Esterase: I was found to be heat-labile (10 minutes, 50°, pH 6), while 
Esterase II was heat-stable under these conditions. 

The first precipitate at pH 4.3 contained, in addition to Esterase I, most 
of the lipase activity (substrate olive oil). Esterase I, however, is not 
identical with lipase. Repeated precipitation deprived the precipitate of 
its lipase activity to a greater extent than of its activity with respect to the 
valeryl ester. In addition, lipase is heat-stable under the above conditions, 
while Esterase [ is labile. Furthermore, the valeryl ester, having high 
affinity for Enzyme I, does not inhibit the hydrolysis of olive oil. The two 
enzymes may be associated, however. 

Since they are not inhibited by low concentration of eserine, none of these 
enzymes is identical with any of the cholinesterases. 


The author gratefully acknowledges the preparation of the graph for 
this paper by Mrs. Kurt E. Appert. 
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Il. BEHAVIOR OF PANCREATIC ESTERASES I AND II TOWARDS 
A HOMOLOGOUS SERIES OF n-FATTY ACID ESTERS 


By B. H. J. HOFSTEE 
(From the Palo Alto Medical Research Foundation, Palo Alto, California) 


(Received for publication, April 15, 1952) 


In the foregoing communication (1), previous findings (2, 3) that the 
terms “esterase” and “lipase”? cannot be used interchangeably were con- 
firmed. ‘Two enzymes distinct from lipase and from cholinesterase, which 
were provisionally named Esterase I and Esterase II, were identified in a 
preparation of hog pancreas (steapsin). Both of these enzymes are able to 
hydrolyze valerylsalicylic acid, while lipase does not attack this compound. 

In the present work, a homologous series of esters of salicylic acid and 
n-fatty acids with from 2 to 16 carbon atoms has been used as substrates. 
Lipase does not attack solutions of any of these compounds at a measurable 
rate, not even the longer chain (Cy, Cys, Cis) compounds. Addition of 
taurocholate has no influence. The aliesterases were found to be best 
adapted to the esters of acids with a chain length not shorter than 4 and 
not longer than 8 carbon atoms. The constants Vn and Ay for the two 
enzymes with respect to the different substrates were determined from a 
plot of v against v/S over a 100-fold concentration of the substrates. They 
showed definite patterns characteristic for each enzyme. 


EXPERIMENTAL 
Preparations 


Enzymes—The same preparations were used as previously (1). The 
crude steapsin extract containing lipase and the two aliesterases had been 
standing for about 2 months in the cold room with thymol as preservative. 
It was frozen in small lots at the beginning of this series of experiments, 
and no change in activity was noticed thereafter. 

The same (1) purified preparation, kept in the deep freeze, was used as 
the source of Esterase I. It contained, as will be shown, about 90 per cent 
of the amount of Esterase I present in the old crude extract, was practically 
free of Esterase II, and possessed only a small fraction of the original 
lipase activity. 

Substrates—Acetylsalicylic acid was obtained commercially. The other 
salicylic acid esters of n-fatty acids, with 3 to 6 C atoms inclusive, were 
prepared from the anhydrides, as reported previously for the Cs; compound 
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(1). The longer chain compounds (C;, Cs, C9, C12, Cis, Cis) were prepared 
from the corresponding acid chlorides by a procedure similar to that given 
by Kaufmann (4), and were recrystallized from dilute alcohol. The con. 
centration of the alcohol was adapted to the solubility of the compound 
(e.g., propionyl 30 per cent alcohol, stearyl 96 per cent alcohol). Recrys. 
tallization was repeated until the compound was free of unchanged salicylic 
acid and constant melting point was obtained. The compounds will be 
referred to as C3, C4, and C,, according to the number of C atoms in the 
fatty acid. The melting points found are C3 95°, C4 82°, Cs 86°, Cg 75°, 
Cy 70°, Cs 81.5°, Cy 65°, Cre 7. Cis 73°, Cis 79°. They tended to be 
slightly higher than those given by Kaufmann (4). As in other homologous 
series of this kind, they show oscillation between odd and even numbered 
carbon chains. Between the Ces and C; compound, a change from an 
inverse to a normal oscillation occurs. 


Activity Determinations 


As previously (1), the salicylic acid liberated was determined spectro- 
photometrically. The activities are expressed as micromoles of ester hy- 
drolyzed per 30 minutes by 1 ml. of 1 per cent steapsin extract, at pH 8.0 
and 30°. The effect of the non-enzymic cleavage of the substrates by 
contaminating heat-stable substances in the enzyme preparations was 
too small to influence the final results and was neglected. 


Results 


Fig. 1 shows the substrate concentration activity curves obtained with 
the crude steapsin extract as the source of the enzyme. 

In Fig. 2, the experimentally determined curves for purified Esterase 
I are given. The curves for Esterase II were obtained by subtracting 
these data from those of Fig. 1, in a manner previously described (1). 
In the present case, however, the data for Esterase I had to be multiplied 


by 1.1 instead of 2.0, due to the fact that an old crude sfeapsin extract | 


was used. Apparently, the activity of Esterase I in the crude extract 
had decreased slightly less than 50 per cent during 2 months standing in 
the cold room. A slight deviation of the factor 1.1 resulted in non-linear 
curves obtained after subtraction. This holds for the entire series of 
substrates and gives evidence for all these compounds being hydrolyzed 
by the same two enzymes. Such evidence is further obtained from the 
fact that influence of heat treatment on the activity, as determined pre- 
viously (1) with respect to the Cs compound, is the same for all the other 
substrates tested. In general, the relative rates of hydrolysis of the dif- 
ferent substrates were the same in different enzyme preparations. 

Fig. 3 shows how the constants of the two enzymes are influenced by 
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the number of C atoms in the fatty acids. Results with the C. compound 


have not been included. Only traces of salicylic acid are liberated from 
\ 
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Fic. 1. Esterolytic activity (v) of a 1 per cent steapsin extract, showing the com- 
bined actions of Esterase I and Esterase II as influenced by the concentrations (S) 


numbers on the curves refer to the number of C atoms in the fatty acid. Tempera- 
ture 30°; pH 8.0. 


| of a homologous series of n-fatty acid esters of salicylic acid as the substrates. The 


Fic. 2. I, same as Fig. 1, but with purified Esterase I as the enzyme source; J/, 
the curves representing Esterase II, obtained by subtraction (along the lines 
through the origin) of the curves of J from the corresponding curves of Fig. 1. 
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this compound and no accurate determinations of the constants could 
be made. This is to some extent also the case for the C3; compound.  Al- 
though at high concentrations it is hydrolyzed at a considerable rate by 
“sterase IT, the affinity is too low to allow more than only approximate 
estimation of the constants. This is indicated in the graphs by the dotted 
lines. 

The Cy, Cis, and Cig compounds are not attacked to any extent by 
the original steapsin extract containing the three esterases. As stated 
previously, this extract hydrolyzes olive oil at a rate more than 100 times 
greater than any of the salicylic acid esters. 
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Fic. 3. The constants of Esterase I and Esterase II, as influenced by the number 
of C atoms in the fatty acid moiety of the substrate. 


From the above consideration, and in view of the results as summarized 
in Fig. 3, it appears that both Esterase I and Esterase II are best adapted 
to substrates that have not less than 4 and not more than 8 or 9 C atoms 
in the fatty acid moiety of the molecules. 


DISCUSSION 


The equation relating substrate concentration and reaction rate to the 
constants of a single enzyme-substrate system that follows the Michaelis- 
Menten theory of enzyme action can be written as V, = v + vKwa/S 
(v = the reaction rate; V,, = the maximum reaction rate; Ay = the 
Michaelis constant). The plot used in this paper for estimating the con- 
stants is based on this equation. This plot gives more accurate results 
than other plots commonly used for this purpose (5). V » is given by the 
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intercept with one of the coordinates, Ky is the slope of the resulting 
straight line, while the intercept with the other coordinate represents 
V,/Ku. At low substrate concentrations v < Vy and the above equa- 
tion simplifies to = vKy/S orv = (Vn/Kuy)S. The factor Vn/Kuw, 
therefore, determines the reaction rate at low substrate concentrations. 
For this reason a plot of V,./Ky against the carbon chain length of the 
substrate has been included in Fig. 3. 

It can be noted that the pattern shown by this plot is entirely different 
from that given by the maximum reaction rates, at least as far as En- 
zyme II is concerned. At high substrate concentrations, Enzyme II is 
relatively the most active, while at low substrate concentrations Enzyme 
[ predominates. ‘This is due to the fact that 1/AKy which is related to 
the affinity, is in general highest in the case of Enzyme I. For the series 
(; to Cs, the Ky values are nearly equal with respect to nzyme I, and 
therefore no striking difference in the relative rate of hydrolysis of these 
substrates at high and low concentrations is observed. 

In the case of Enzyme II, on the other hand, the “affinity” increases 
exponentially from Cs; to Cs, and simultaneously a shift to the longer 
chain compounds occurs with respect to the rate of hydrolysis when the 
substrate concentration is lowered. Lipmann and Tuttle (6) observed a 
similar shift from the Cs; to the C's compound with respect to the rate of 
ester synthesis from fatty acids and hydroxylamine by liver esterase. 
They ascribe this to inhibition of the reaction by free long chain fatty 
acids, which counteracts synthesis relatively more at higher than at lower 
concentrations. In our instance, however, inhibition by the free acids 
plays no role. 

It can further be observed that the V,, patterns of both enzymes clearly 
show oscillation between odd and even numbered carbon chains. In 
contrast to the melting points, an inverse oscillation (odd numbers pre- 
dominate) obtains throughout the complete series from 3 to 9 C atoms. 

The patterns for V, and Ky would suggest that the two enzymes are 
related in certain respects. The V, curves of Enzyme I and Enzyme II 
almost coincide for the longer chain compounds. This means that one- 
half of the original activity with respect to these compounds is found in 
the precipitate obtained by acid treatment of the original steapsin ex- 
tract, while the other half remains in the supernatant. Also, the A y 
values of the C, compound coincide, while an increase of the chain length 
between C, and Cg, augments the affinity for Enzyme II up to a value 
close to the constant value shown by Enzyme I in this interval. On the 
other hand, Enzyme I is closely associated with lipase, since even after 
reprecipitating three times it is not entirely free from this enzyme (1). 
These considerations would give a vague indication that the three ac- 
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tivities might be but different aspects of the same basic unit which, by 
treatment at pH 4.3, is split into two parts that, although not identical, 
are similar in their catalytic behavior with respect to this series of sub- 
strates. 

Another feature of the results, subject to some speculation, is given by 
the accompanying tabulation, in which the numbers roughly represent 
the relative values of the constants with respect to Enzyme II and the 


| Cs | Cs | Ce | Cr | Cs 
Vn 1 4 | 2 | 2 1 
1/Ky 4 1 2 4 S 


C, to Cs compounds as the substrates. It is doubtful whether these 
“Jumps” by a factor of 2 or 4 have any significance as long as they do not 
have a theoretical basis and occur only in the case of this particular en- 


zyme. 
Nevertheless, it is interesting to note that, in spite of great differences 


in Ky and V,, values, the ratio V,,/K a ( which equals lim. 3) remains 

constant for C4, Cs, Ce, and again for C; and Cs. If 1/Ky is taken asa 

measure of affinity of the substrate for the enzyme, then this indicates 

that high affinity is detrimental to a high V,,.! 

Such an inverse relationship we also found in the case of xanthine oxi- 
dase and its substrates (7), which seems to be consistent. with present 
concepts of heterogeneous catalysis in general (e.g. (8)). 

Finally, it should be pointed out, that in an ordinary chemical sense 
(e.g., hydrolysis, ammonolysis) the lowest members of the series (C2, C;) 
are much more reactive than the longer chain compounds, while, in the 
case of enzymic hydrolysis, the opposite is true. This would indicate 
that the action of the enzymes cannot be ascribed to simple catalysis of 
the hydrolysis of the esters. 


SUMMARY 


The behavior of pancreatic Esterases I and IT with respect to a homol- 
ogous series of normal fatty acid esters as the substrates has been studied 
at pH 8.0 and 30°. Both enzymes are best adapted to esters with a car- 
bon chain not shorter than 4 and not longer than 8 atoms. In the case 
of Enzyme I, the “affinity” constants (1/Ky) from the C, to the Cx com- 


1 This should not be confused with inhibition by excess substrate, of which we 
did not find any evidence in these enzyme systems. 


Vn/Ku | 4 | 4 | 4 | 8 : g 
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pound inclusive have about equal values and drop sharply outside this 
region. Enzyme II has maxima of affinity at the Cy and Cs compounds. 
Between Cs and Cs the constant increases twice with each additional 
carbon atom, and sharply drops at the C; and the Cy, compound. The 
highest V,, value is found with the C; ester as the substrate in the case of 
Enzyme I while the Cs compound takes this position with respect to En- 
ayme IT. 

The V, values for both enzymes show an inverse oscillation between 
odd and even numbered carbon chains over the entire series of substrates. 
Lowering of the substrate concentration does not change the activity 
pattern of Enzyme I to any extent, but for Enzyme II it produces a shift 
of the maximum from the C, to the longer chain compounds. 


The author gratefully acknowledges the preparation of the graphs for 
this paper by Mrs. Kurt E. Appert. 
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STUDIES ON LACTIC DEHYDROGENASE OF HEART 
I. PURITY, KINETICS, AND EQUILIBRIA* 


By J. B. NEILANDSf 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, June 9, 1952) 


It was reported previously (1) that Straub’s (2) lactic dehydrogenase 
(LDH) from ox heart muscle crystallizes in two catalytically active com- 
ponents that are capable of separation by electrophoresis. In the present 
work the preparations obtained from the anode and cathode limbs of the 
Tiselius electrophoresis cell have been designated Fractions A and C, 
respectively. This paper describes certain properties of these two frac- 
tions. Meister (3) previously found Straub’s crystalline LDH to consist 
of two components on electrophoresis; however, the major fraction (which 
apparently corresponds to our Fraction A) was believed to account for all 
the enzymatic activity. 

The interesting results obtained by Theorell and his associates (4-7) re- 
garding the influence of crystalline alcohol dehydrogenase (ADH) concen- 
tration on the equilibrium of the reaction 


Alcohol + oxidized diphosphopyridine nucleotide (DPNt) = (1) 
aldehyde + reduced diphosphopyridine nucleotide (DPNH) + Ht 


suggested that other dehydrogenases be tested in the same way. Lactic 
dehydrogenase from heart was chosen for the present study because it 
is available in the crystalline state (2) and it is, in addition, a fairly stable 
enzyme. Our results on the influence of LDH concentration on the re- 
action 

Lactate + DPN*+ = pyruvate + DPNH + Ht (2) 


are similar to those found by Theorell (equation (1)). The average value 
of the equilibrium constant! 
K = (pyruvate) (DPNH) (H") (3) 
(lactate) (DPN*) 

* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. 

t Present address, Department of Biochemistry, University of California, 
Berkeley, California. 

' This is an “‘apparent”’ equilibrium constant rather than the ‘‘true’’ or thermo- 
dynamic equilibrium constant when reactants, products, and catalyst are all free 
in solution. 
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with low enzyme concentration (2 to 10 X 107-7 Mm) was found to be 0,33 
X 10-" in the range pH 7 to 10. This value was raised, at pH 7.0 and 8.0, 
50- and 36-fold, respectively, when the enzyme concentration was in- 
creased to give an excess over the DPNH present. The absorption maxi- 
mum of DPNH was shifted very little if at all in the presence of a high 
concentration of LDH. However, the application of a more sensitive 
spectrophotometric technique has permitted the detection of a compound 
of DPNH and LDH (see Chance and Neilands (8)). 


EXPERIMENTAL 
Purity of Crystalline Lactic Dehydrogenase 


Electrophoretic Separation—The pH-mobility relationship for the two 
components of crystalline LDH shown in Fig. 1 of Neilands (1) is given 
in Fig. 1 of the present paper. Below pH 4.5, both fractions precipitated 
in a denatured form that could not be redissolved at a lower pH. From 
Fig. 1 the isoelectric points (0°) of Fractions A and C are estimated to be 
4.5 and 4.8, respectively. In a large number of preparations the concen- 
tration ratio A:C, determined from the electrophoresis boundary areas, 
has remained remarkably constant and equal to about 4. Small amounts 
of each fraction, with negligible cross-contamination, were obtained by 
sampling in the ascending and descending limbs of the Tiselius cell. 

Salting-Out—The salting-out diagram, according to the procedure of 
Falconer and Taylor (9), is given in Fig. 2. In this experiment a dilute 
solution of the unresolved enzyme, about 0.6 mg. per ml., was dialyzed in 
the cold against 0.1 M phosphate buffer, pH 7.0. Enough solid ammonium 
sulfate was then added to separate aliquots of this solution to give the de- 
sired salt content. After 24 hours at 5° the solutions were filtered and the 
optical density of the filtrate measured in a 1.0 cm. cell at 280 my. The 
material which begins to precipitate at 40 per cent ammonium sulfate sat- 
uration is believed to represent Fraction C. 

Sedimentation Analysis—Sedimentation in the oil turbine ultracentri- 
fuges at Upsala and at Wisconsin gave, in agreement with Meister (3), a 
single, symmetrical boundary. The sedimentation constant, s», was 7.0 
X 10-% second. Meister found 6.48 and 6.36 X 10-"% second. We calcu- 
lated the free diffusion constant (10), Do, to be 5.38 & 1077 sq. em. sec. 
for the pure Fraction A. Assuming the partial specifie volume is 0.74 
ml. gm.~!, these data give a molecular weight of 135,000. Since both 
components have the same sedimentation velocity, the figure 135,000 has 
been used for both molecular weights. 

Absorption Spectrum—LDH is denatured in salt-free solutions (2). 
Therefore, instead of attempting to make dry weight determinations, we 
estimated the amount of enzyme present in the extinction coefficient tests 
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from the N content (micro-Kjeldahl N X 6.25). This was done for 


3 pure samples of Fractions A and C that had been subjected to prolonged p 
0, dialysis against cold 0.1 m phosphate buffer. Thereafter the concentra- 
. tion of the two fractions was calculated from the extinction coefficient at 
h 
-30 
d 2 
xo) 
CJ 
= 
oO 
0 
n 
(| 
7 
n 
= 
, 45 5.0 5.5 6.0 
S ph 
Fig. 1. The pH-mobility relationship for Fractions A (O) and C (A) of crystal- 
j line lactic dehydrogenase. The mobility and pH measurements were made with 
phosphate buffer of 0.1 ionic strength at 0°. 


| 


36 38 40 42 
[(NH 4) 2 S0q | 
Fia. 2. The salting-out diagram for crystalline lactic dehydrogenase. Optical 
density at 280 mu (D) versus per cent of saturation with ammonium sulfate. See 
the text. 
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280 mu. The absorption spectra of the two fractions was measured with 
a Beckman model DU spectrophotometer in the wave-length range 300 
to 245 mp. Both components had a maximum at 280 my and a minimum 
around 255 mp. The molar extinction coefficient at 280 my for both 
I‘ractions A and C was the same and equal to 20.1 X 10. However, the 
extinction coefficient ratio 280:255 was about 20 per cent smaller in the 
case of Fraction C. 


Kinetics 


Determination of Initial Reaction Velocity—The initial reaction velocity 
for LDH, v, was measured in the following manner. Beckman spectro- 
photometer cuvettes were charged with buffer, substrate, and coenzyme. 
The enzyme was made up in 0.1 M phosphate buffer, pH 7.0, and intro- 
duced at zero time. This was accomplished by plunging into the cuvette 
at zero time 0.05 ml. of the dilute enzyme solution contained in an ex- 
cavation on the end of a glass rod. The rate of change in optical density 
at 340 my was followed with a Beckman model DU spectrophotometer. 
Readings were taken at 15, 30, 45, and 60 seconds. The enzyme was di- 
luted until the amount of reaction in the 0 to 15 second interval was ap- 
proximately equal to that of the 15 to 30 second interval. The two figures 
were then averaged and multiplied by 4 to convert to 1 minute. The 
DPNH concentration was calculated on the assumption that an optical 
density of 9.38 *& 107% at 340 my in a 1 em. cell corresponds to 1 y¥ of 
DPNH per ml. (11). The expression for initial velocity, v, was the same 
as that employed by Theorell and Bonnichsen (6). In this expression, 
v= (Cy — C,/t X e) min., C, and C;, refer to the concentration of DPN* 
or DPNH in micrograms per ml. at zero and time ¢, respectively, t = 1 
minute and e = micrograms of enzyme per ml]. These arrangements 
allow the velocity of reaction (2) to be measured quantitatively from either 
the left or right side. 

Turnover Numbers—The turnover numbers for Fractions A and C were 
calculated by measuring v (25°) in a solution containing 0.1 Mm glycine- 
NaOH buffer, pH 10.0, 8.7 K 10-* m DPN*, 2.7 X 10° m sodium DL- 
lactate, and 0.3 to 0.6 y of enzyme. The molarities given are final con- 
centrations. In this medium the substrates DPN+ and lactate are in 
excess and v is strictly independent of the enzyme concentration. ‘The max- 
imum turnover numbers in the above system were 12,800 and 8,100 moles 
of substrate per minute per mole of enzyme at 25° for Fractions A and C, 
respectively. These activities did not diminish when the enzymes were 
stored for 4 days at 5° in 0.1 mM phosphate buffer, pH 7.0. The turnover 
numbers in 0.1 mM phosphate buffer, pH 7.0, with excess DPNH and py- 
ruvate were estimated to be about 7 times as large as those given above 
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for the system containing excess DPN+ and lactate. <A preliminary de- 
termination of the Michaelis constant, Am, at pH 7, 8, 9, and 10 showed 
that for both enzymes K, was of the order of 10-° m for DPN*+, DPNH, 
and pyruvate. However, over the same pH range, the A, for L-lactate 
was greater than 10-* m. ‘These results are in fair agreement with those 
previously reported for LDH (3, 12) and will be further discussed below. 

Specificity—In each case the L-lactate is specifically attacked; the pb 
isomer is inactive and at equal molar concentration is unable to interfere 
with the oxidation of L-lactate, even at substrate concentrations cor- 
responding to half saturation of the enzymes. Meister (3) has examined 
the specificity of LDH in some detail and from his results it appears that 
the enzyme can oxidize a large number of a-hydroxy acids. 

Inhibition—The activity of ADH is completely abolished on exposure 
of the enzyme to p-chloromercuribenzoate. However, neither Fraction 
A nor C of LDH is inhibited (pH 10.0) when this reagent is present in a 
final concentration of 10-* mM. ‘The same excess of inhibitor was added in 
experiments with iodoacetate and p-chloroacetophenone, but without ef- 
fect. These experiments indicate that the activity of LDH probably does 
not depend on the presence of an —-SH group. Williams (13) recently re- 
ported the competitive inhibition of malic dehydrogenase with adenine. 
In order to examine the influence of adenine on ILDH, the DPNt concen- 
tration was reduced to 1.7 X 10-4 M in the activity test given above. This 
resulted in a value for v that was, for both Fractions A and C, about 75 
per cent of that found with excess DPN*+. The inclusion of adenine 
sulfate at a final concentration of 4.0 & 10-* mM in the latter test system 
(did not further decrease the value of v. Adenine cannot be a very potent 
inhibitor of LDH. It was mentioned above that the K,, for lactate is 
about 100-fold higher than that for pyruvate, DPN+, or DPNH. Since 
pyruvate has a higher affinity for the enzyme, it was of interest to test it 
for inhibitory action on the oxidation of lactate. When, in the activity 
test (pH 10.0) the pi-lactate concentration was reduced to 1.2 K 10-? M, 
v was reduced about 20 per cent. When this solution was made 8.5 X 
10 M with respect to pyruvate, v was reduced 32 per cent. This inhibi- 
tion could be reversed by increasing the lactate concentration, indicating 
that both pyruvate and lactate compete with each other for the same 
area on the enzyme. 

Origin of Fractions A and C—lIt has been found possible to prepare 
crystalline LDH without the use of Ca3(PO,)2 gel, but this preparation too 
contained both components. One form does not appear to be derived 
from the other by exposure to (NH4)2SOu4, since electrophoretically isolated 
Fraction A can be recrystallized from 0.5 saturated (NH,4).SO, to give 
crystals which appear identical with those found in the unresolved enzyme 
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or the photograph given by Straub (2). This material had a single bound- 
ary on electrophoretic migration. ‘The acetone fractionation step always 
denatures a certain amount of LDH, but it is not known whether this also 


TABLE 
Equilibria at Varied pH and LDH Concentration (25°) 


Molar ratio 
LDH ! 
_ Per cent DPN* reduced | K (X 10") 


* j 
LDH” (molarity X 10) | PNT or prravate 


(at equilibrium) 
i 


Equilibria in 0.1 m phosphate buffer, pH 7.0 


| 


0.01 6.1 | 0. 23 
0.005 0.03 6.2 | 0. 23 
0.095 0.45 24.3 | 0.50 
0.189 0.57 34.3 | 1.4 
0.473 0.97 55.8 | 4.5 
0.945 1.6 66.5 | 8.6 
1.134 | 1.1 59.0 | 10.9 
1.323 | 1.3 60. 1 | 11.5 
Equilibria in 0.1 m pyrophosphate buffer, pH 8.0 
0.002 | 0.01 20.3 0.33 
0.004 | 0.02 20.3 0.33 
0.009 | 0.05 20.8 0.35 
0.043 | 0.19 25.5 0.51 
0.086 0.32 30.8 0.88 
0.171 0.48 | 40.8 1.8 
0.428 | 0.82 | 60.3 5.9 
0.900 | 1.6 i 67.3 8.9 
1.284 | 1.3 | 59.3 11.0 
1.455 | 1.4 | 60.6 12.0 
Kquilibria in 0.1 m glycine-NaOH buffer, pH 9.0 
0.002 | 0.01 | 19.5 0.31 
0.005 | 0.03 18.9 0.29 
0.010 | 0.06 | 18.9 0. 29 
Equilibria in 0.1 mM glycine-NaOH buffer, pH 10.0 
0. 002 | 0.01 22.9 | 0.44 
0.005 | 0.03 21.2 0.43 
0.010 | 0.05 21.3 0.44 


= Unresolved LDH containing 0.84 mole of Fraction A and 0.16 mole of Fraction 
C, 
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results in fragmentation of the molecule. It has not so far been possible 
to erystallize the minor component. The problem is receiving further 


attention. 
Equalibria 

Equilibrium Constant—The equilibrium constant, A, for reaction (3) 
was determined at varied LDH concentration in the manner outlined for 
ADH by Theorell and Bonnichsen (6). In the absence of adequate quan- 
tities of pure Fractions A and C the unresolved enzyme was used for these 
experiments. The relative amounts of Fractions A and C were deter- 
mined by measuring the descending boundary areas on electrophoresis. 
The preparation was dialyzed for 48 hours against the cold buffer solu- 
tions. This resulted in no loss of enzymatic activity. The other usual 
experimental precautions were observed (6). ‘Tests were carried out at 
pH 7.0 and 8.0; in addition, in order to observe the pH range over which 
reaction (2) is valid, A was measured with dilute LDH concentrations at 
pH 9.0 and 10.0. These results are recorded in Table I. It is obvious 
that at very low enzyme concentrations (2 to 10 X 10°’ mM) K is inde- 
pendent of LDH concentration and in the pH range 7 to 10 equal on the 
average to 0.33 X 10-4. The somewhat lower and higher values found at 
pH 7.0 and 10.0, respectively, may represent a slight error in pH deter- 
mination or some other experimental error. 

Absorption Maximum of DPNH at High LDH Concentratton—A solu- 
tion 10-4 M with respect to both DPNH and LDH had an absorption maxi- 
mum around 335 my at pH 7.0 and 25°. These results show that LDH is 
different in behavior from ADH, and one might be led to conclude that 
with LDH the Theorell-Chance compound is not formed. However, a 
more sensitive instrumental arrangement has enabled Dr. Chance to de- 
tect a DPNH-LDH complex (8) which does have certain of the properties 
of the DPNH-ADH compound. 


DISCUSSION 


The symmetrical sedimentation boundary of the unresolved enzyme 
indicates the molecular weights of the two components are not vastly 
different. However, the lower isoelectric point of Fraction A shows it 
to contain a higher proportion of acid groups per mole. 

The magnitude of the maximum turnover numbers for the lactate- 
DPN*+ and pyruvate-DPNH systems are of considerable importance. 
For the latter Meister (3) found 30,000 moles per 100,000 gm. of protein 
per minute at 26° and pH 7.2. Assuming a molecular weight of 135,000, 
this turnover number increases to about 40,000 moles of substrate per mole 
of enzyme per minute. The higher turnover number with excess pyruvate 
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and DPNH is explained by the kinetic data. It was stated above that the 
Michaelis constants for DPN+, DPNH, and pyruvate are all of the order 
of 10-° mM, while the K,, for lactate is about 100 times larger. The maxi- 
mum velocity for the pyruvate-DPNH system would be anticipated to be 
greater than for the lactate-DPN?* substrates, since in the first instance 
the rate of combination of the reactants with the enzyme is favored by 
their high affinities and, following reduction of the pyruvate, the relatively 
low affinity for lactate hastens its dissociation from the active surface of 
the enzyme. 

Since the pk of the tertiary N atom of DPNH is not exactly known, it 
is not possible to predict the pH limits within which reaction (2) is strictly 
valid. The measurements of A carried out by Theorell and Bonnichsen 
(6) and Racker (14) together with those in this paper show that the pK 
of this group is probably below 7.0. This point is of great importance, 
since at pH values less than the pl of the tertiary N atom of DPNH, re- 
duction of DPN+t would proceed according to the accompanying diagram; 
that is, without the formation of an equivalent of hydrogen ion. It is 
tempting to speculate on the ease with which the velocity of reactions in- 
volving pyridine nucleotides would be regulated by localized pH changes 
in living tissues. 


H 
ay | 
H 
+ R + R H 
DPN* DPNH. 


The average equilibrium constant measured at dilute LDH concentra- 
tion, 0.33 & 10-", agrees fairly well with the value 0.44 & 107! recorded 
by Racker (14). The highest concentrations of LDH used in the equilib- 
rium measurements may still not be sufficient to give the maximum shift 
in K. The dissociation constant of the DPNH-ADH compound (7) is 
10-7 m; that of the DPNH-LDH compound (8) is 7 K 10-®M. Since the 
DPNH-LDH complex is more highly dissociated, one might anticipate a 
smaller shift in K at high LDH:DPNH ratios as contrasted to that found 
by Theorell for the ADH system. Actually, Theorell obtained a 200-fold 
shift in A, whereas we have observed only a 36- to 50-fold shift. The 
possibility of binding of the other product, pyruvate, should not be over- 
looked. Unfortunately, the extinction coefficient of pyruvate around 320 
mu is not great enough to enable a direct observation of a possible DPNH- 
pyruvate compound. These problems are discussed in Paper IT (8). 
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The author is indebted to H. Theorell for advice and for suggesting this 
problem. KR. A. Alberty kindly provided advice, as well as the loan of 
his physical apparatus. 


SUMMARY 


1. The crystalline lactic dehydrogenase of Straub (2) has been separated 
into two catalytically active fractions. 

2. The fractions may be distinguished by their behavior on electro- 
phoresis, salting-out, spectral, and kinetic analysis. 

3. The oxidation of lactate could be inhibited by pyruvate but not by 
certain sulfhydryl reagents or adenine sulfate. 

4. In the pH range 7.0 to 10.0 and at low enzyme levels the equilibrium 
constant of the lactate-pyruvate system was independent of pH and equal 
on the average to 0.33 &K 10-". This figure could be raised some 36- to 
50-fold by increasing the concentration of lactic dehydrogenase to give a 
molar excess over the reduced diphosphopyridine nucleotide and pyruvate 
present. 
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Although the shift in the absorption band of DPNH! upon the addition 
of ADH is sufficient to be readily measurable in the ordinary spectropho- 
tometer (1), we have previously been unable to detect a similar shift in the 
presence of yeast ADIL or glutamic dehydrogenase.2, However, the ex- 
istence of such a shift has been observed in respiring yeast cells and bac- 
teria (2), and thus there can be little doubt as to the generality of this 
phenomenon. ‘This paper describes the successful detection and prelim- 
inary study of a compound of DPNH and LDH that has a number of 
properties in common with the one formed by ADH (1, 3). 


Preparations 


These are described in Paper I (4). The bulk of these experiments was 
carried out with the “unresolved”? LDH. 


Method 


In a search for spectrophotometric evidence for the binding of LDH by 
DPNH, several improvements of the technique used for the study of the 
ADH-DPNH complex (3) were necessary. The LDH-DPNH complex is 
more highly dissociated and is therefore much more difficult to detect. 
First, the present experiments were carried out at 5°, since some increase 
of the affinity of LDH for DPNH would be expected at the lower tempera- 
ture. Also, turbidity changes caused by the protein component were mini- 
mized by operating at 5°. Secondly, in order to add very large amounts 
of DPNH (up to 70 um) without causing a deflection of the spectropho- 

* This research was supported in part by a grant from the Division of Research 
Grants and Fellowships, United States Public Health Service, and from the Office 
of Naval Research. 

t Present address, Department of Biochemistry, University of California, Berke- 
ley, California. 

‘LDH = lactic dehydrogenase; ADH = horse liver alcohol dehydrogenase; 
DPNH = reduced diphosphopyridine nucleotide. 

Chance, B., unpublished observations. 
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tometric trace, the alternating current output of the photomultiplier was 
connected only to the alternating current amplifier of Fig. 1 of Theorell 
and Chance (3) (see also Chance (5)), and not to the first vibrating switch, 
Thirdly, the total light absorption by the DPNH was so great that the 
slits of the monochromator were reset to compensate for the loss of light 
intensity after 2 or 3 additions of ~8 um DPNH. With these modif- 
cations, we can detect a difference in the light absorption at 328 and 333 
my of log Io/ZJ = 0.0008 in the presence of DPNH absorption as great as 
log Io/I = 0.400. 

In addition to these titration studies, we have recorded the spectrum of 
the LDH-DPNH complex by a sensitive spectrophotometer that rapidly 
plots the difference of optical density of two cuvettes with an error of 
about 2 X 1074 in the region 310 to 390 my (6). 


EXPERIMENTAL 


Titrations with LDH—Vhe effect of added DPNH upon the optical den- 
sity changes at 328 and 353 my in the presence of varying amounts of 
LL.DH is shown in Fig. 1. The blank run with zero LDH shows that the 
absorption of DPNH alone causes little deflection of the spectrophotomet- 
ric readings. If LDH is present, there is a progressive increase in the 
optical density change up to a limit set by the LDH concentration. The 
optical density change divided by the initial LDH concentration corre- 
sponds to an increment of molecular extinction coefficient of 2.0 and 2.3 
em.—! & mn for 6.1 and 3.1 um LDH respectively. This value is in good 
agreement with the corresponding value for the ADH-DPNH complex, 
24 em.' XK mm! (1). The type of complex formed with LDH would 
seem to be similar to that formed with ADH, at least on a spectroscopic 
basis. In this case, the stoichiometry of the reaction LDH and DPNH 1s 
1:1, inasmuch as we used the LDH molarity to calculate the values 2.0 
and 2.3 em.-! 

The added DPNH concentration that gives half maximum concentra- 
tion is about 10 uM, over 3 times the stoichiometric amount; thus we can- 
not independently determine the number of DPNH molecules bound per 
LDH molecule under these experimental conditions. But on the basis of 
the 1:1 stoichiometry indicated by the spectrophotometric data, we may 
calculate apparent dissociation constants of 7.5 and 7 & 107-® Mm for 3.1 
and 6.1 um LDH respectively at 5°. 

In order to investigate further the stoichiometry of the reaction, higher 
concentrations of LDH were used, but, for some reason that we are unable 
to explain, the apparent dissociation constant increased and unsatisfac- 
tory results were obtained. 

Spectrum of LDH-DPNH-—Au approximation to the spectrum of the 
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LDH-DPNH complex was obtained in the recording spectrophotometer 
(6) by using the following procedure. 12 ym LDH are placed in one 
cuvette and its absorption is plotted relative to the buffer solution in the 
other cuvette in the region 315 to 390 my (Spectrum A). Equal volumes 
of DPNH are then added to both cuvettes to give a final concentration of 
91 uM. The resultant spectrum (B) is recorded and represents the shift 
of the DPNTL band caused by LDH binding, plus the absorption of the 
LDH protein. Thus the difference of Spectra B and A gives the spec- 
trum of the LDH-DPNH complex as plotted* in Fig. 2. Although the 
shift of the DPNH band shown in Fig. 2 is only 15 per cent of the total 
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Fig. 1. The titration of LDH with DPNH. The optical density changes at 353 
my are subtracted from those at 328 mu as DPNH is added to the LDH solutions of | 
the indicated concentrations. The values of the abscissa are for added DPNH. 
A control experiment is included (A). 5°, pH 7.15, 0.15 m phosphate buffer (Ex- 
periment 947b). 

Fig. 2. An approximate spectrum of the LDH-DPNH complex. 12.7 um LDH 
plus 21 um DPNH, 25°; pH 7.15, 0.15 m phosphate buffer (Experiment 949d-1). 
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DPNH absorption, we believe that this method is fairly free from arti- 
facts; if unequal volumes of DPNH were added, then a 340 my peak would 
be registered. The actual spectrum has a peak at 330 my compared with 
325 mu for the ADH-DPNH complex. The absorption at 350 muy is 75 
per cent of that at 330 my, compared with a value of 59 per cent for the 
ADH-DPNH complex. Thus only a fair agreement of the spectra of the 
two complexes is obtained. 


> The difference of absorption between the LDH-DPNH complex and LDH was 
not exactly zero in the region 390 to 400 muy; the experimental data showed a differ- 
ence of —0.005 in optical density, corresponding to negative absorption of the com- 
plex above 370 my and due to the imperfection of our experiment. We have arbi- 
“neg lowered the base-line for the experimental data by 0.005 to give the curve of 
ig. 2. 
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The amount of DPNH bound to LDH in this experiment at 25° is much 
smaller than that calculated from the apparent dissociation constant of 
7 X 10-°M obtained at 5° with dilute enzyme. 


DISCUSSION 


The results above clearly indicate that the spectrum of DPNII may be 
shifted by the protein, LDH, in a manner analogous to that caused by 
ADH. The LDH-DPNH complex is, however, much more difficult to 
study experimentally, and we cannot put forward the detailed kinetic 
data needed to establish that this complex is a rate-limiting or Michaelis 
complex, as we have done in the case of the ADH-DPNH complex. If 
indeed these are functionally identical complexes, then the lack of inhibi- 
tion of LDH activity by p-chloromercuribenzoate, contrasted to the sensi- 
tivity of ADH to this reagent, must be carefully considered in formula- 
tions of the mode of binding of DPNH to these proteins (1). 

The rather large value of the apparent dissociation constant of the 
LDH-DPNH complex renders it difficult to detect by ordinary spectro- 
photometric methods; therefore, our sensitive methods, that permit studies 
of very dilute enzyme solutions, appear to be essential for this type of in- 
vestigation. 

A large dissociation constant for LDH-DPNH may well be a conse- 
quence of the relatively large value for the turnover for lactic acid 
(~50 sec. at pH 7.0 and 25°) which requires a high dissociation velocity 
of the LDH-DPNH complex according to the mechanism discussed pre- 
viously (3). On the assumption that the rate of combination of DPNH 
with LDH or ADH is the same, the dissociation constants of their DPN 
compounds would be in the ratio of the values of their turnover numbers 
with lactate or alcohol respectively (50:1.1 at pH 7.0 and 26° (3)). On 
this basis the dissociation constant of the LDH-DPNH complex would 
be 50 X 10-7 or 5 X 10-* m compared with the value of the apparent 
dissociation constant of 7 X 10-* m that we measure at 5°. In spite of 
the inequalities of temperature, we can put forward a satisfactory qualita- 
tive explanation of the effect. The value of the Michaelis constant (Kn) 
for DPNH in the presence of pyruvate must be greater than the dissocia- 
tion constant, and a value of about 10-5 M is found in studies of the enzyme 
activity (4). Therefore, it is suggested that those enzymes that show a 
high turnover number in DPN reduction may also have a large dissocia- 
tion constant of their protein-DPNH complex. The latter would be 
difficult to detect spectrophotometrically and this may be the cause of our 
current, failure to detect a complex of DPNH and yeast ADH. 

The experiments reported thus far are based on the “unresolved” en- 
zyme, but we have also identified the DPNH complex in both the “anode” 
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and “cathode” fractions of LDH. Interestingly enough, the “cathode” 
fraction forms less than one-half (0.4) as much DPNH complex per mole 
of protein as does the “anode” fraction (Experiment 949a). This roughly 
approximates the ratio of the enzymatic activities of the two fractions 
(8100:12,800 (4)). On this basis, the part of the protein content of the 
“eathode” fraction that binds DPNH is approximately as active en- 
zymatically as the protein of the ‘‘anode” fraction, the “cathode” fraction 


being less pure. 
SUMMARY 


A shift in the absorption band of DPNH is caused by the addition of 
the protein, LDH. The DPNH concentration giving half maximum ef- 
fect is 7 X 10-® m at 5° (for <6 uM of “unresolved” enzyme). Our data 
suggest that this is the dissociation constant of an LDH-DPNH complex 
in which 1 molecule of protein binds 1 molecule of DPNH in the same 
manner and with the same molecular extinction coefficient as in horse 
liver ADH. In view of the extreme difficulty of the experiment, quanti- 
tative values are regarded as preliminary. 

Addendum—Recent tests in collaboration with Dr. J. Harting show that p-Chlo- 
romercuribenzoate neither prevents the binding of DPNH and LDH nor causes 


the splitting of the LDH-DPNH complex at concentrations of p-chloromercuriben- 
zoate that we find to be quite effective in splitting the ADH-DPNH complex (1). 
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ION EXCHANGE PURIFICATION OF RIBOSE-5-PHOSPHATE* 


By D. P. GROTH, GERALD C. MUELLER, ano G. A. LePAGE 


(From the MeArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, May 26, 1952) 


Several methods are available for the preparation of ribose-5-phosphate 
(1-3). These use various nucleotides as starting materials. In our ex- 
perience the preparations are usually contaminated with varying amounts 
of nucleotide and inorganic phosphate. The importance of having this 
compound freely available in a highly purified form led us to develop a 
simple chromatographic technique for its preparation. 


EXPERIMENTAL 


The starting material used in these experiments was adenosinetriphos- 
phate (ATP).!. The following procedure was used throughout: 0.5 gm. 
of ATP (Ba salt) was dissolved in 25 to 30 ml. of 1 N HCl, and the solution 
was heated for 25 minutes at 100°. The mixture was cooled and neu- 
tralized with 10 N KOH to pH 8.2. 1 ml. of 2 mM Ba(Ac)e2 was added, and 
the resulting precipitate was centrifuged at 0° and discarded. 4 volumes 
of cold 95 per cent ethanol were added. The precipitate was centrifuged, 
dried in vacuo over sulfuric acid, and weighed. Analyses were made for 
pentose (4), inorganic and total phosphorus (4), and residual adenine 
(absorption at 260 my (5)). An over-all purity of 51 to 64 per cent (Table 
I) was obtained. 

This material was dissolved in approximately 10 ml. of water and 
treated with a slight excess of sulfuric acid. The barium sulfate was 
centrifuged and discarded. The supernatant fluid was neutralized to pH 
7.0 with dilute KOH, diluted to 50 ml. with water, and transferred to a 
2 X 12 em. column of Dowex 1 resin (250 to 500 mesh), which had been 
converted to monochloroacetate (MCA).? The chromatographic elution 
of ribose-5-phosphate was carried out with gradually increasing concen- 
trations of MCA, with 1 m MCA in the reservoir of the mixing apparatus 
described by Busch et al. (6). 10 ml. fractions were collected with a 


* This work was supported in part by a grant from the American Cancer Society 
on the recommendation of the Committee on Growth of the National Research 
Council and in part by the Alexander and Margaret Stewart Fund. 

1 Obtained from the Schwarz Laboratories, Inc., New York, and the Pabst Lab- 
oratories, Milwaukee, Wisconsin. 

* The chloride form, obtained from The Dow Chemical Company, Midland, Mich- 
‘gan, was washed with 3 mu potassium monochloroacetate until free of chloride. 
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Technicon fraction cutter and analyzed for pentose, inorganic, and total 
phosphorus. In a typical experiment, the ribose-5-phosphate and _ jn. 
organic phosphorus peaks were in Tubes 18 to 25 and 27 to 31, respec. 
tively. The solutions from the tubes containing the ribose-5-phosphate 
were combined and extracted three times with an equal volume of diethy! 
ether to remove the MCA. The aqueous phase was concentrated in vacuo 
to about 15 ml. The solution was neutralized to pH 8.2 with a saturated 
Ba(OH)2 solution, and 4 volumes of cold 95 per cent ethanol were added, 
The precipitate was immediately collected by centrifugation in the cold 
to prevent serious contamination with BaCO;. The purified barium salt 
was dried, weighed, and analyzed as above. 


TaBLe [ 
Analyses of Ribose-5-phosphate Preparations 
The values are expressed in micromoles per 100 mg. 


! 

Experi- ia | Per cent purity calculated 
ment | Preparation | Pentose | Organic P_ Inorganic P equivalent | as Ba ribose-5 


phosphate: 2H20 


I Crude | 153 27.0 5.3 64 

| Purified | 216°] 210 | 0.2 0.3 | 87 

II Crude | 128 123 | 16.2 15.0 51 

Purified 250 1.3 100 

III | Crude 10.1 56 

Purified 238 223 | 0.2 1.4 95 
Results 


In Table I, the analyses for the various preparations are presented, in- 
dicating the purification achieved by the simple chromatographic pro- 
cedure. The yield of ribose-5-phosphate from the hydrolysis step was 
approximately 70 per cent. The yield from the chromatographic pro- 
cedure was 90 to 100 per cent, giving an over-all yield from ATP of 63 
to 70 per cent. The final preparation was essentially free of purine base, 
unhydrolyzed nucleotide, and inorganic phosphate, and contained in some 
cases a small amount of BaCQs. 

The ease of obtaining ribose-5-phosphate by this method from the 
readily available nucleotide, ATP, should make the use of these highly 
purified preparations more practical. Columns treated with the ‘‘medium 
strength” acid, monochloroacetic, which is so readily removed from aque- 
ous eluates with diethyl ether, have a general utility in our experience for 
the purification of sugar phosphates. 


SUMMARY 


A method is described for the preparation of ribose-5-phosphate of high 
purity from adenosinetriphosphate. Analyses of the product are pre- 
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sented. Purification was accomplished by ion exchange chromatography 
on the monochloroacetate of Dowex 1. 
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THE DETERMINATION OF XANTHINE OXIDASE IN 
RAT LIVER AND INTESTINE* 


By W. W. WESTERFELD anp DAN A. RICHERT 


(From the Department of Biochemistry, State University of New York, Medical College 
at Syracuse University, Syracuse, New York) 


(Received for publication, June 25, 1952) 


In the original Axelrod-Elvehjem method (1) for determining liver 
xanthine oxidase (XQ) the endogenous respiration of the liver homo- 
genate Was exhausted for 40 minutes before the xanthine substrate was 
added; the enzyme activity was then measured as the net increase in 
oxygen consumption in the presence of the substrate. This method was 
shown (2) to give erroneous ‘‘zero”’? values when the livers actually con- 
tained small amounts of the enzyme. Van Meter and Oleson (3) therefore 
introduced a modification of the method in which the xanthine oxidase 
inhibitor, 2-amino-4-hydroxy-6-pteridinecarboxaldehyde (hereafter re- 
ferred to as pteridylaldehyde or PA), was added to the endogenous flask 
only; the enzyme activity was measured as the difference between the 
oxygen consumption in the uninhibited substrate-containing flask and the 
inhibited endogenous flask. Enzyme activities by this procedure were 
consistently higher than those obtained by the Axelrod-Elvehjem method. 

Theoretically, the Axelrod-Elvehjem and Van Meter-Oleson procedures 
will give the correct value or one which is either too low or too high, re- 
spectively; the correct value falls within the two methods. The basis for 
this statement is illustrated in Fig. 1, which shows typical oxygen con- 
sumption curves for a liver homogenate in the presence and absence of 
pteridylaldehyde during the period of enzyme measurement. Only the 
relative slopes of the two lines (with and without substrate) during this 
portion of the curve are significant to the determination. All of these 
lines were taken from Fig. 2, but in Fig. 1 the curve for the endogenous 
oxygen consumption in the presence of PA has been moved up to a com- 
mon origin with the other two lines at the 40 minute point. The Axel- 
rod-Elvehjem procedure yields a value of 32 for the XO of the liver, while 
the Van Meter-Oleson method gives a value of 39. Since the total oxygen 
consumption in the presence of the substrate is the same for both deter- 
minations, the difference is due to the different slopes of the endogenous 
oxygen uptake in the presence and absence of the inhibitor. The Axel- 
rod-Elvehjem procedure gave the correct value for this liver if xanthine 


* This study was aided by a grant from the American Cancer Society upon recom- 
mendation of the Committee on Growth of the National Research Council. 
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oxidase did not contribute to the endogenous oxygen uptake during the | 
measurement period. If it did contribute to this curve by acting on ep. 


dogenous substrates, then the difference between the two curves would not 
be large enough because part of the xanthine oxidase activity would be 
included in the endogenous curve rather than in the difference between 
the two curves. The Van Meter-Oleson procedure gave the correct value 
if the pteridylaldehyde inhibited only the xanthine oxidase in the endog. 
enous flask. If PA inhibited one or more enzymes other than XO in the 
liver homogenate, and if these other enzymes normally contributed to the 
endogenous oxygen consumption during the measurement period, then the 
inhibited endogenous curve would be too low for a correct XO measure. 
ment. The difference between the two curves (with substrate versus PA- 
inhibited endogenous) would be too large because this difference would 
include a component of oxygen consumption due to enzymes other than 
xanthine oxidase. 

The results obtained in this study indicate that the values obtained by 
the Axelrod-Elvehjem procedure are probably too low, while the Van 
Meter-Oleson procedure gives values which are probably too high. The 
correct endogenous line from which the XO activity should be calculated, 
therefore, lies somewhere between the two lines shown in Fig. 1. The 
values from the Axelrod-Elvehjem method are low because XO acting on 
endogenous substrates still contributes slightly to the endogenous oxygen 
uptake after the 40 minute incubation period. The values from the Van 
Meter-OJeson procedure are high because the PA inhibits enzymes other 
than xanthine oxidase in the liver homogenate. Since the correct value 
falls within the two methods, and since they are usually not far apart, 
either procedure will give a reasonable approximation of the xanthine 
oxidase activity of the liver. Questionable values are given by the Van 
Meter-Oleson procedure in measurements of the xanthine oxidase activity 
of intestine. The use of chalcones as inhibitors of xanthine oxidase (4) 
gave results comparable to those obtained with pteridylaldehyde. 


EXPERIMENTAL 


Rat liver or intestine was homogenized with 5 volumes of 0.04 m phos- 
phate buffer, pH 7.4, and 1.6 cc. of the homogenate (267 mg. of fresh tis- 
sue) were placed in four pairs of Warburg flasks. The four pairs of flasks 
also contained (1) water only, (2) 0.15 cc. of 0.0113 m methylene blue, (3) 
0.1 cc. of pteridylaldehyde (0.03 mg.), and (4) methylene blue plus the 
inhibitor. One of each pair of flasks contained 0.15 cc. of 0.05 m hypoxan- 
thine in the side arm. In some experiments an additional flask containing 
0.15 ec. of 0.61 per cent p-hydroxybenzaldehyde in the side arm was added 
to each of the four pairs. All flasks contained enough water to give a 
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total volume of 2 cc.; 0.2 cc. of 10 per cent KOH and a filter paper were 
added to the center well. The flasks were equilibrated at 37° for 10 min- 
utes before the readings were started. The contents of the side arm were 
tipped into the liver homogenates after the 40 minute reading, and the 
readings were continued every 20 minutes for an additional 100 minutes. 
For intestine, the hypoxanthine was added after the 10 minute reading, 
and four additional readings were taken at 10 minute intervals. Xan- 
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Fic. 1. A comparison of the fundamental bases of the Axelrod-Hlvehjem (AE) 
and the Van Meter-Oleson (VMO) methods for determining rat liver xanthine oxi- 
dase. 

Fig. 2. The effect of 2-amino-4-hydroxy-6-pteridinecarboxaldehyde and methyl- 
ene blue on the endogenous oxygen consumption of a liver homogenate from an adult 
normal chow-fed rat. The net oxygen uptakes with hypoxanthine and p-hydroxy- 
benzaldehyde substrates are given in the upper left and lower right corners, respec- 
tively. The values in parentheses represent the corresponding xanthine oxidase 
activities in c.mm. of Oz per 267 mg. of fresh tissue per 20 minutes. 


thine oxidase values were calculated as net oxygen consumption in ¢.mm. 
per flask per 20 minutes. 

In order to obtain tissues of varying XO activities, livers and intestines 
were obtained from (1) normal weanling and adult rats maintained on a 
chow diet, (2) adult rats on a zero protein diet, and (3) weanling rats fed 
a purified 24 per cent casein diet containing varying amounts of a soy 
flour extract as a source of the XO factor (5). 


Results 


Liver—Fig. 2 shows the effect of adding pteridylaldehyde (0.03 mg. per 
flask or 0.015 mg. per cc. final concentration in the flask), methylene blue, 
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and both together on the endogenous oxygen uptake of a normal rat liver 
homogenate. The pteridylaldehyde inhibited the xanthine oxidase com. 
pletely and also reduced the endogenous respiration to approximately the 
level observed with livers of “‘zero” xanthine oxidase activity. Methylene 
blue alone hastened the removal of the endogenous substrates during the 
preliminary incubation period and therefore gave a lower curve during the 
period of measurement (2). Methylene blue had a very slight effect in 
reversing the PA inhibition of XO and partially reversed the PA inhibition 
of the endogenous oxygen uptake. The effects of these various agents on 
the oxidation of p-hydroxybenzaldehyde were similar to their effects on 
the oxidation of hypoxanthine. 

If pteridylaldehyde inhibited only the xanthine oxidase in a liver homo- 
genate, then the difference between the endogenous and PA curves repre- 
sented that portion of the endogenous oxygen uptake which resulted from 
the oxidation of liver purines by xanthine oxidase. Similarly, the addition 
of pteridylaldehyde to a liver homogenate of very low xanthine oxidase 
activity (XOA) should have very little effect on the endogenous oxygen 
consumption. Fig. 3 shows the effect of adding PA to a liver homogenate 
of “‘zero”” XOA. When the XOA was ‘“‘zero,”’ PA still reduced the endog- 
enous oxygen consumption proportionately, almost as much as when the 
XOA was 32. The PA curve in Fig. 3 was lower than the corresponding 
curve in Fig. 2, and, since XO was completely inhibited in both, this dif- 
ference must be attributed to the inhibition of enzymes other than XO. 
It is not clear why the enzymes which were inhibited by PA in the ‘‘zero” 
liver were not also inhibited to the same extent in the normal liver. 

Table I gives a series of livers for which the XOA values have been 
calculated several different ways. The usual value by the Axelrod-Elve- 
hjem method is recorded in Column 1. Complete inhibition of this enzyme 
by PA is shown in Column 2, and the very slight reversal of the PA in- 
hibition by methylene blue is indicated by the figures in Column 4. The 
increased activity of liver XO in the presence of methylene blue alone is 
given in Column 3. The Van Meter-Oleson procedure, in which PA was 
added to the endogenous flask but not to the substrate flask, gave the 
values in Column 5; these are uniformly 15 to 30 per cent higher than the 
Axelrod-Elvehjem values, except for the livers of very low activity which 
are difficult to measure accurately. In the presence of methylene blue, 
both procedures gave essentially the same values with livers of moderate 
to high XOA (Column 3 versus Column 6). This could be fortuitous, 
because the methylene blue slightly reverses the PA inhibition of the en- 
dogenous respiration and could thereby give slightly lower values for the 
figures of Column 6 than might otherwise be obtained. However, this 
factor is not involved in the later studies with chalcone inhibitors, whep 
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the same values were again obtained by the two methods in the presence 
of methylene blue. Such identity is indicative of the true value, because 
one theoretically represents a maximum and the other a minimum value. 
The true value for XOA in the absence of methylene blue can therefore be 


TABLE I 
Liver Xanthine Oxidase Values Obtained in Presence and Absence of 2-Amino-4- 
hydroxy-6-pteridinecarboxaldehyde (PA) and Methylene Blue (MB) 
Xanthine oxidase values calculated as net oxygen consumption in ¢.mm. per 
flask per 20 minutes. 


Added to both endogenous PA in endoge- 


and substrate flasks nous only MBin 

PA MB PA + 
(1)* (2) (3) (4) (3)f (6) (7) | 
Normal stock rats on 45 1 71 4 52 70 49 49 
chow (300-400 gm.) 38 44 5A 
34. O 58 4 — 45 59 42 41 
30. 0 37 52 35 36 
2 O 5A 4 34 at 32 37 
27 0) 50 2 36 52 36 35 
Adult rats on zero pro- 22. 0 30 3 25 32 24 22 
tein diet 7-16 days; 13 O 20 1 18 22 15 15 
starting weight I8SO- 8 2 = £19 1 12 21 10 14 
240 gm.; weight loss 8S 0 15 1 10 17 9 11 
10-30% | O!| @ 6 0 7 10 4 6 
5 0 2 7 4 
0 0 38 2 6 4 3 
eS sae 5 1 5 9 3 5 
0: O 4 () + 8 0 4 
0 O 0) 0 3 3 0 1 


* Usual XO value by the Axelrod-Elvehjem method. 
t Value by the Van Meter-Oleson method. 
t Average of Columns 3 and 6 divided by 1.44. 


obtained if the increased activity of the purified liver enzyme in the pres- 
ence of methylene blue is known. ‘This factor is close to 1.44 (6, 7), and 
on such a basis the calculated “true XOA” (Column 8) falls between the 
two values given by the two procedures without consistently favoring 
either method. 

Since the essential difficulty in the Axelrod-Elvehjem procedure is a 
persisting action of xanthine oxidase on endogenous substrates, the ad- 
dition of methylene blue to the endogenous flask only should help to re- 
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move these substrates prior to the measurement period (2) and thereby 
give a more accurate measure of the liver XO. The values determine 
on this basis are recorded in Column 7 (Table I) and in general fal] be. 
tween the Axelrod-Elvehjem and Van Meter-Oleson values. There is rela. 
tively good agreement between the figures in Column 7 and the calculated 
values in Column 8. 

Intestine—A similar study of the determination of XO in rat intestine 
led to the conclusion that the Van Meter-Oleson procedure gave erroneous 
values for this tissue. This occurred because the pteridylaldehyde in. 
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Fia. 4 


Fic. 3. The effect of pteridylaldehyde and methylene blue on the endogenous 
oxygen consumption of a liver homogenate of ‘‘zero’”’? XOA obtained from adult rats 
fed a zero protein diet for 7 to 15 days. 

Fic. 4. The endogenous oxygen consumption of intestinal homogenates. The 
three upper curves were obtained with rats fed diets containing 24 per cent protein 
and varying amounts of the XO factor. The lower curve was obtained with rats 
fed a zero protein diet. The values in parentheses refer to the XOA of the corre- 
sponding intestinal homogenate. 


hibited enzythes other than XO in the intestinal homogenate and thereby 
gave a false low endogenous curve in so far as the XO determination was 
concerned. The contribution normally made by XO to the endogenous 
oxygen consumption of an intestinal homogenate has not been reported 
previously. Such a study is shown in Fig. 4. In contrast to liver, it is 
possible to obtain intestines with quite low XOA on an adequate protein 
intake simply by omitting the XO factor from the diet (8). The three 
upper curves in Fig. 4 show the endogenous oxygen uptake of intestinal 
homogenates of which the XO varied between 47 and 5; the protein con- 
tent of the diets was 24 per cent. Since all these curves are the averages 
of five and six individual curves of similar activity, it is possible that the 
slight differences between the three upper curves truly reflect a slight 
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contribution of XO to the endogenous oxygen uptake, but XO does not 
appear to contribute to any major extent. The oxygen uptake by the 
intestinal homogenate from rats on a zero protein diet (lower curve, Fig. 4) 
is clearly below that of the intestines of similar XOA obtained from rats 
on an adequate protein intake; this further decrease on a low protein 


diet is probably due to a loss of enzymes other than XO. 


| HYPOXAN. 
(NET) 


UPTAKE 


5 6 


Fic. 5. The effect of pteridylaldehyde and methylene blue on the endogenous 
oxygen consumption of an intestinal homogenate obtained from normal chow-fed 
rats. The net O, uptake with hypoxanthine is shown in the upper left portion of the 
figure. The values in parentheses represent the corresponding XOA. 

Fic. 6. The effect of pteridylaldehyde and methylene blue on the endogenous 
oxygen consumption of intestinal homogenates of low XOA. The left-hand figure 
was obtained with intestines from weanling rats fed a purified 24 per cent casein diet 
for 2 weeks. The right-hand figure was obtained with intestines from adult rats 
fed a zero protein diet for 7 to9 days. In both figures the net O2 uptake with hypo- 
xanthine is given in the upper left-hand portion. The values in parentheses repre- 
sent the corresponding xanthine oxidase activity. 


The effect of PA on the endogenous oxygen consumption of normal in- 
testine is shown in Fig. 5. The reduction produced by PA is greater than 
can be attributed to an inhibition of the XO of the intestinal homogenate, 
since the contribution made by XO to the endogenous respiration is rela- 
tively small (Fig. 4); hence enzymes other than XO in the intestinal homo- 
genate must be inhibited by PA. This is also indicated by a partial re- 
versal of the PA inhibition of the endogenous oxygen uptake by methylene 
blue without a corresponding reversal of the PA inhibition of xanthine 
oxidase. Fig. 6 shows a similar study of intestinal homogenates of low 
XOA produced either by a low protein diet or by a diet containing adequate 
protein but no XO factor. Other than the difference in endogenous respira- 
tion previously noted, the results with both types of intestinal prepara- 
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tions were the same. ‘These curves show the marked effect of PA on the 
endogenous respiration even when there is little XOA in the homogenate 


TABLE IIT 


Intestinal Xanthine Oxidase Values Obtained in Presence and Absence of 2-Amino-4. 
hydrozy-6-pteridinecarboxaldehyde (PA) and Methylene Blue (MB) 


Added to both endogenous and ! PA in endogenous _ 
substrate flasks | only | 
| MB in endog. 
PA | MB | PA+MB_ 

Weanling rats fed chow | 48 0 | 80 1 66 | 4 
2 wks. | 48 0 | 78 0 65 89 | 45 
| 1 64 92 | 44 
| 47 | 0 72 | 1 64 91 | 43 
| 45 , O 67 0 61 82 
Weanling rats, purified | 23 | 0 | 45 0 38 56 oe. 
24% casein diet with , 16 0 634 0 40 50 | = 
varying amounts of soy | 15 0. 35 0 37 51 16 
flour extract 2 wks. 15 0 27 0 34 42 16 
14 0 26 1 35 43 16 
: 13 0 36 0 40 56 16 
9 0 22 0 26 35 12 
| §8 0 22 0 25 34 10 
7 0 21 0 28 36 11 
6 0 29 1 27 40 11 
3 0 14 0 23 32 4 
1 0 7 0 16 22 0 
Adult rats, zero protein | 23 0 46 0 32 52 23 
diet 7-16 days; start- 8 0 19 | 0 22 34 9 
ing weight 190-240 gm.; 7 0 |, 18 0 25 34 9 
weight loss 10-30% 6 0 22 0 20 32 6 
5 0 24 0 22 34 11 
5 0 19 0 17 28 9 
4-10 21 1 20 36 7 
0 | 2 28 7 
0 | 19 28 4 


a Usual XO value by the Axelrod-Elvehjem method. 
+ Value by the Van Meter-Oleson method. 


and leave no doubt that PA is affecting the endogenous respiration by in- 
hibiting enzymes other than XO. Hence the Van Meter-Oleson procedure 
is not applicable to an analysis of intestinal XOA. 

Table II shows the XO values for intestines of varying XOA calculated 
in different ways. As with liver, PA completely inhibited the intestinal 
XO, but methylene blue did not reverse this inhibition at all. The slight 
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reversal in liver could be due to the longer time required for the liver 
determination and the consequent greater opportunity for destruction of 
the PA during the determination of liver xanthine oxidase. The values 
obtained by the Van Meter-Oleson procedure were markedly different 
from those obtained by the Axelrod-Elvehjem method and undoubtedly 
were incorrect for the reasons previously cited. The values obtained in 
the presence of methylene blue by both procedures did not agree, as they 
did for liver. Since methylene blue had relatively little effect on the 
endogenous respiration of the intestinal homogenate, the XO values cal- 
culated from the addition of methylene blue to the endogenous flask only 
were approximately the same (generally a little higher) as those obtained 
by the Axelrod-Elvehjem procedure. 

It should be noted that the values obtained by all of the procedures are 
affected similarly by the dietary variations; 7.e., the absence of protein or 
XO factor from the diet removes this enzyme from the intestine (8) ir- 
respective of how the XOA is determined. The magnitude of this effect 
is greater when the enzyme is determined by the Axelrod-Elvehjem pro- 
cedure. When the XO values obtained in the presence and absence of 
methylene blue are plotted against each other (Column 1 versus Column 
3), the individual points scatter about a straight line of which the equation 
is XO (+ methylene blue) = 1.35 X XO(no methylene blue) + 12. The 
slope of this line is similar to that (1.44) previously described (7) for liver, 
but the intercept is much greater (12 versus 5). The reason for this dif- 
ference is not clear. The results with methylene blue show that there 
is about 20 per cent of the “normal” amount of enzyme still present in 
the intestine when the Axelrod-Elvehjem method indicates a zero value. 
For comparative purposes the XO values obtained in the presence of 
methylene blue are closer to the correct values than those obtained by 
the Axelrod-Elvehjem procedure. 


Inhibition by Folic Acid 


Studies similar to those previously described were made on normal livers 
with folic acid as the inhibitor of XO instead of pteridylaldehyde. The 
final concentration of folic acid was either 0.5 or 0.25 mg. per flask. ‘The 
effect of both concentrations of folic acid upon the endogenous respiration 
of normal rat liver homogenate was similar to the effect shown in Fig. 2 
lor pteridylaldehyde. Presumably the effect of folic acid was due to the 
presence of pteridylaldehyde (9, 10). In the presence of either concentra- 
tion of folic acid, the complete inhibition of the oxidation of p-hydroxy- 
benzaldehyde was not overcome at all by methylene blue. In the presence 
of 0.25 mg. of folic acid, methylene blue partially reversed the inhibition 
of the oxidation of hypoxanthine to give 25 per cent of the uninhibited 
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TaBLeE III 


Liver Xanthine Oxidase Values Obtained in Presence and Absence of Folic Acid (FA) 
and Methylene Blue (MB) 


Added to both endogenous and substrate flasks | FA in endogenous only | yen i, endog- | 


Calculated 
enous only value 
FA MB FA + MB MB in both | 
(1)* (2) (3) (4) (7) 
0.5 mg. FA per flask 
40 0 60 5 46 oe 42 | 43 
33 0 57 5 40 56 | 41 | 39 
32 0 50 6 36 50 6 86S 
31 0 51 7 37 52 35 36 
31 4 54 10 34 53 39 37 
0.25 mg. FA per flask 
37 0 62 
45 0 64 16 
47 0 70 15 52 | 72 | 50 | 49 


The livers were obtained from stock rats, weighing 300 to 400 gm., maintained 
on chow. 

* Value by the Axelrod-Elvehjem method. 

t Value by the Van Meter-Oleson procedure. 

t Average of Columns 3 and 6 divided by 1.44. 
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Fig. 7. The effect of 3,3’,4,4’-tetrahydroxychaleone (C) and methylene blue 
on the endogenous oxygen consumption of a normal rat liver homogenate. The 
net oxygen uptakes with hypoxanthine and p-hydroxybenzaldehyde substrates are 
given in the upper left and lower right corners, respectively. The values in paren- 
theses represent the corresponding xanthine oxidase activities. 

“1a. 8. The effect of 3,3’,4,4’-tetrahydroxychalcone (C) and methylene blue on 
the endogenous oxygen consumption of a liver homogenate of zero XOA obtained 
from adult rats fed a zero protein diet for 5 to 9 days. 
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activity; the restoration was only 10 per cent in the presence of 0.5 mg. of 
folic acid. ‘The values for the XOA of individual livers determined in the 
presence and absence of folic acid are shown in Table III. The results 
are similar to those shown in Table I, except for the greater reversal by 


TABLE IV 


Liver Xanthine Oxidase Values Obtained in Presence and Absence of Chalcones (C) 
and Methylene Blue (MB) 


| Added to both endogenous | C in endog- 


and substrate flasks _ enous only — 
| enous on valu 
| c | MBin. 


3’,4’-Dihydroxychalcone 


Stock rats, chow (360-400 | 62 | 0 | 83 | 45 | 74, 85  ~— 68 
125; © | 51) 19 |36| 49 | 34 35 
Rats, zero protein diet 5-9 14 2 18 13 
days; starting weight 9 0O | 16. 1 '19| 20 12 13 
150-185 gm.; weight O 7 4 4 
15-20% 0 6 3 6 
0 0} 0 3 | 9) 8 o | 3 

3,3’,4,4’-Tetrahydroxychalcone 

Stock rats, chow (330-365 67 91 3 98 67 66 
gm.) 42 0 | 62 4 53! 65 | 50 44 
Rats, zero protein diet5-9 6 O 15. 1 | 14; 18 | 10 11 
days; starting weight 4 0 | 4) 1 2 12 7 7 
130-200 gm.; weightloss O | 6 0 2 
15-25% ete Pers 0 3 


* Value by the Axelrod-Elvehjem method. 
t Value by the Van Meter-Oleson procedure. 
{ Average of Columns 3 and 6 divided by 1.44. 


methylene blue of the 0.25 mg. of folic acid inhibition. The XO activity 
in the presence of methylene blue was still the same by both procedures. 


Inhibition by Chalcones 


Similar experiments were carried out with 3’,4’-dihydroxychalcone and 
with 3,3’,4,4’-tetrahydroxychaleone as the inhibitor of xanthine oxidase 
(4); the final concentration of each chalcone in the flask was 0.01 mg. per 
ce. Livers from both normal chow-fed rats and from rats fed a zero pro- 
tein diet for 5 to 9 days were used. 
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The only difference between the two chalcones noted was the greater 
degree of reversibility by methylene blue of the inhibition produced by 3’ 4’. 
dihydroxychalcone in regard to both endogenous respiration and XOA. 
Both chalecones completely inhibited the XO and reduced the endogenous 
respiration to the same extent. Typical results are shown in Fig. 7. |) 
contrast to the results with PA, methylene blue had little or no effect jn 
reversing the 3,3’,4,4’-tetrahydroxychalcone inhibition of the endogenous 
respiration. 

The effect of the chalcone on a liver homogenate of ‘‘zero”? XOA is shown 
in Fig. 8. As with PA, the chalcone had a relatively large effect on the 
endogenous curve, presumably due to the inhibition of enzymes other than 
XO. The chalcone and PA have similar effects on both XO and the 
endogenous respiration of a liver homogenate; both appear to inhibit the 
same enzymes, one of which is xanthine oxidase. The XOA values for a 
series of livers, as determined with and without chalcone inhibitor, are 
shown in Table IV. The results are similar to those obtained with PA, 


DISCUSSION 


The concentration of an enzyme in a tissue is determined largely for 
comparative purposes at the present time. The method which is most 
useful for this purpose is one which accurately reflects relative differences 
in enzyme concentration. In so far as the effect of diet on liver and in- 
testinal xanthine oxidase is concerned, the most accurate comparisons 
appear to be those obtained from activity measurements made in the 
presence of methylene blue, rather than those obtained by either the 
Axelrod-Elvehjem or Van Meter-Oleson procedure. Since there is a con- 
stant relationship between the XOA determined in the presence and ab- 
sence of methylene blue, it is possible to determine the enzyme by the 
usual Axelrod-Elvehjem procedure and to calculate the comparative re- 
sults from the methylene blue relationship. Differences for both liver 
and intestinal XOA which are based directly on the Axelrod-Elvehjem 
values are greater than the more correct comparisons based on the methyl- 
ene blue values. 


SUMMARY 


The Axelrod-Elvehjem and Van Meter-Oleson methods of determining 
xanthine oxidase were compared on rat livers and intestines of varying 
xanthine oxidase activity produced by dietary means. Theoretically, the 
Axelrod-Elvehjem method gives a minimum and the Van Meter-Oleson 
procedure a maximum value. In the presence of methylene blue both pro- 
cedures gave essentially the same results. Neither method alone appeared 
to give the exact value for either tissue nor as good comparative results as 
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those obtained in the presence of methylene blue. All methods reflected 
the variations produced by diets, but the magnitude of the dietary effect 
was exaggerated by the Axelrod-Elvehjem procedure. 

2-Amino-4-hydroxy-6-pteridinecarboxaldehyde (0.015 mg. per cc.) com- 
pletely inhibited the xanthine oxidase in both liver and intestinal homo- 
genates and also reduced their endogenous oxygen uptake. PA still in- 
hibited the endogenous respiration markedly when the tissue homogenate 
contained little xanthine oxidase, presumably because it inhibited other 
enzymes in addition to XO. Methylene blue had a very slight effect in 
reversing the PA inhibition of liver XO, but not intestinal XO, and par- 
tially reversed the PA inhibition of the endogenous oxygen uptake by both 
tissues. The oxidation of p-hydroxybenzaldehyde was affected similarly 
to the oxidation of hypoxanthine. Similar results were obtained when 
folic acid (0.13 or 0.25 mg. per ec.), 3’,4’-dihydroxychalcone, or 3 ,3’,4,4’- 
tetrahydroxychalcone (0.01 mg. per cc.) was used as the inhibitor of 
xanthine oxidase. 
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FORMATION AND UTILIZATION OF y-GLUTAMYLCYSTEINE 
IN GLUTATHIONE SYNTHESIS* 


By JOHN E. SNOKE ann KONRAD BLOCH 


(From the Department of Biochemistry and the Institute of Radiobiology 
and Biophysics, University of Chicago, Chicago, Illinois) 


(Received for publication, May 29, 1952) 


An enzymatic synthesis of glutathione from its three constituent amino 
acids by extracts of acetone-dried pigeon liver has been the subject of a 
report from this laboratory (1). In the present communication it is shown 
that similar extracts catalyze the synthesis of glutathione from L-y-glu- 
tamyl-L-cysteine and glycine. Evidence is presented that in the liver 
system the synthesis of the tripeptide occurs in at least two enzymatic 
steps; glutamic acid and cysteine combine to form y-glutamylcysteine 
which subsequently condenses with glycine. Preliminary accounts of this 
work have been presented (2, 3). 


EXPERIMENTAL 
M aterials 


Enzyme——Saline-bicarbonate extracts of acetone-dried pigeon liver were 
dialyzed and subjected to high speed centrifugation as previously de- 
scribed (1). 

L-y-Glutamyl-L-cysteine! was prepared by a procedure analogous to that 
described by Hegediis (4) for the synthesis of GSH.? S-Benzyl-.-cysteine 
ethyl ester was coupled with N-carbobenzoxy-.L-y-glutamyl azide. The 
condensation, hydrolysis of N-carbobenzoxy-L-y-glutamyl-S-benzyl-L-cys- 
teine ethyl ester, and the subsequent reduction were carried out as de- 
scribed for the synthesis of GSH (4). The dipeptide was isolated as 
the mercury salt which was decomposed by hydrogen sulfide. After 
removal of mercuric sulfide and treatment of the dipeptide solution with 
barium hydroxide to remove sulfate ions, y-glutamylcysteine was obtained 
by lyophilization; yield, 33 per cent, based on N-carbobenzoxy-.L-y-glu- 
tamic acid hydrazide. 


Calculated, C 38.4, H 5.45, N 11.3; found, C 38.5, H 5.86, N 11.1 


* Aided by grants-in-aid from the Division of Research Grants and Fellowships 
of the National Institutes of Health, United States Public Health Service, and from 
the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of Chi- 


cago. 
‘One of the preparations used was prepared by Mr. Frank Rothman. 
?The following abbreviations have been used: GSH, glutathione; ATP, adeno- 


sinetriphosphate. 


407 


408 -GLUTAMYLCYSTEINE 


In enzymatic experiments as much as 93 per cent of the synthetic dipeptide 
was converted to GSH. 

L-Cysteinylglycine was prepared according to the directions of Hegediis 
(4). After the reduction of N-carbobenzoxy-S-benzyl-L-cysteinylglycine, 
the product was isolated by way of the mercury salt as described for 
y-glutamylceysteine. The final solution was lyophilized and the cysteinyl- 
glycine precipitated from a concentrated aqueous solution by the addition 
of ethanol; yield, 78 per cent, based on .V-carbobenzoxy-S-benzyl-.-cys- 
teinylglycine. 


Calculated, C 33.7, H 5.6, N 15.7; found, C 33.9, H 5.8, N 15.0 


The dipeptide traveled as a single component on paper chromatograms, 

iH was obtained from the Schwarz Laboratories, Inc. The source 
of ATP was either the disodium salt purchased from the Pabst Brewing 
Company, or the dibarium salt obtained from the Ernst Bischoff Com- 
pany. C'-Glycine and C'™-glutamic acid were preparations that had 
been used previously (1). hg. aon-isotopic amino acids were commercial 
preparations. 


Methods 


The enzymatic experiments were carried out at pH 7.4 and 37° in stop- 
pered test-tubes with air as the gas phase. Identical results were ob- 
tained when the gas phase was nitrogen. The incubation mixture, total 
volume 1.84 cc., contained 0.046 m phosphate buffer, 0.02.m KCl, 0.01 
MgSO,, and 1.6 K 10-*m ATP (1) unless otherwise noted. The amounts 
of GSH synthesized were determined by the incorporation of either C"- 
glycine or C'4-glutamic acid into the tripeptide as described before (1). 

Descending paper chromatograms were run for approximately 18 hours 
on Schleicher and Schill No. 507 filter paper with butanol-acetic acid- 
water mixture (2:1:1) as the developing agent. The chromatograms, 
after drying at room temperature, were visualized by spraying with 0.1 
per cent ninhydrin in butanol and heating at 100° for 10 minutes. The 
sulfhydryl compounds were tested in solutions containing N-ethylmale'- 
mide to obtain rapid migration according to the technique of Hanes, Hird, 
and Isherwood (5). 


RESULTS AND DISCUSSION 


Yhe principal objective of the present experiments was to ascertain 
whether in the synthesis of the tripeptide GSH one of the two dipeptides, 
y-glutamyleysteine or cysteinylglycine, is an intermediate. The data in 
Table I indicate the yields of GSH obtained on incubation of enzyme with 
either a mixture of the three amino acids or with dipeptide and a single 
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amino acid. Under otherwise identical conditions, about half as much 
GSH is formed from cysteinylglycine and glutamic acid as is synthesized 
from glutamic acid, cysteine, and glycine. No attempt has been made 
to determine whether the utilization of cysteinylglycine is direct or whether 
the dipeptide provides cysteine and glycine by hydrolysis. 

On the other hand, when y-glutamyleysteine is incubated with glycine, 
the amount of GSH found is 40 per cent greater than that formed from the 
three amino acids. If y-glutamylcysteine had been hydrolyzed, the con- 
centrations of free glutamic acid and cysteine so formed would be at most 
one-eighth of the concentrations which are optimal for GSH synthesis 
from the three amino acids (1), which have been used in Experiments 


TABLE I 


Synthesis of Glutathione from Three Amino Acids, from y-Glutamyleysteine, and 
from Cysteinylglycine 


M M M M M ¥ 
0.008 0.008 0.025* 402 
2 0.008* 0.008 0.025 371 
3 0.025* 0.001 561 
4 0. 008* | 0.003 200 


The reaction mixtures contained 0.70 ec. of enzyme and 4.0 mg. of glycogen and 
were incubated for 60 minutes. For concentrations of other components see under 


“Methods.”’ 
* Labeled with C'. 


land 2 of Table I. This finding suggests that y-glutamylcysteine forms 
GSH without prior hydrolysis. 

The requirements for the enzymatic conversion of y-glutamylcysteine 
to GSH listed in Table II are similar to those previously established for 
the total synthesis of GSH from the three amino acids (1). The enzymatic 
activity in many batches of liver extracts was markedly stimulated by 
glycogen and various glycolytic intermediates. An example of this effect 
is demonstrated by the data of Table II. To obtain optimal synthesis 
glycogen or 3-phosphoglyceric acid was routinely added in subsequent 
experiments.’ 

Further evidence for the réle of y-glutamylcysteine as an intermediate 
is provided by kinetic data. Fig. | shows the rate of GSH synthesis from 
the three amino acids, from y-glutamyleysteine and glycine, and from 


>The réle of glycolysis in the synthesis of GSH will be the subject of a forth- 
coming publication. 
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cysteinylglycine and glutamic acid. The slowest rate of GSH formation 
is observed with cysteinylglycine and glutamic acid. Therefore it is un- 
likely that cysteinylglycine is an intermediate in the total synthesis of 
GSH. Unlike the initial portion of the rate curve of GSH formation 
from the three amino acids which shows a definite induction period, the 


TABLE II 


Requirements for Glutathione Synthesis from y-Glutamylcysteine and Glycine 


GSH synthesized 

Y 

730 
y-glutamyleysteine............... 10 


The reaction mixtures contained 0.70 cc. of enzyme, 4.0 um of y-glutamylcysteine, 
46 uM of glycine, and 4.0 mg. of glycogen and were incubated for 60 minutes. The 
concentrations of the other components are given under ‘‘Methods.’’ 
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Fia. 1. Rate of GSH synthesis from glutamie acid, cysteine, and C' glycine 
A, from y-glutamyleysteine and C'-glycine and from cysteinylglycine and 
glutamic acid @. The concentrations of the various reaction components were the 
same as those in Experiments 1 to 4 of Table I. The incubation mixture, total 
volume 12.88 ce., contained 4.90 cc. of enzyme and 28 mg. of glycogen. At the time 
intervals indicated 1.50 cc. aliquots were withdrawn and assayed for GSH synthesis. 
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initial rate for the interaction of y-glutamyleysteine and glycine is linear. 
The present enzyme preparations are too impure to allow a detailed kinetic 
analysis of the rate curves obtained. Nevertheless, the induction period 
observed in the synthesis of GSH from the three amino acids is indicative 
of consecutive reactions of which the formation of y-glutamyleysteine is 
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Fig. 2. Effect of preincubation of glutamic acid and cysteine on the rate of 
GSH synthesis. Glutamic acid and cysteine were incubated with Enzyme A5 for 
30 minutes at 37°. C'4-Glycine was then added and the amount of GSH formed on 
further incubation was determined by assaying 1.50 cc. aliquots at the time inter- 
vals indicated. The incubation mixture, total volume 9.20 cc., contained 3.50 ce. 
of enzyme and 20 mg. of glycogen. The concentrations of the amino acids were 
the same as those in Table I. Curve I, preincubation carried out with half the 
amount of ATP and glycogen. The remainder of ATP and glycogen was added 
with the glycine. Curve II, preincubation carried out with half the amount of gly- 
cogen and in the absence of ATP. ATP and the remainder of the glycogen were 
added with the glycine. Curve III, the rate of GSH formation from y-glutamyl- 
cysteine (Fig. 1), is shown for comparison. 


presumably the first. This interpretation is strengthened by the fact 
that, following the induction period, the rate of GSH synthesis paren 
that obtained from y-glutamylcysteine. 

This induction period can be eliminated if the addition of labeled glycine 
to the otherwise complete system is preceded by a preliminary incuba- 
tion of glutamic acid and cysteine only. As is shown in Fig. 2, the re- 
sulting rate curve, Curve I, approximates that obtained from y-glutamyl- 
cysteine and glycine, Curve III. The rate of GSH formation is linear 
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only if ATP is present during preincubation and hence it is reasonable to 
assume that synthesis of the dipeptide occurs during this period. 

From the crude liver extracts a fraction has been separated which catal- 
yzes the synthesis of GSH from y-glutamyleysteine and glycine but no 
longer from the mixture of the three amino acids.‘ Results obtained with 
this fraction (Knzyme B) in combination with the crude Enzyme A5 pro- 
vide further evidence for a two-step process in the synthesis of GSH. 

Glutamic acid and cysteine were incubated for 45 minutes in the pres- 
ence of the crude Enzyme A5 which catalyzes the total synthesis of GSH. 


TaBLeE III 
Two-Step Synthesis of Glutathione 


y GSH per cc. crude enzyme 


Omit enzyme in Step I................. | 28 
0 
32 
glutamic acid in Step I............ 58 
| 10 


The concentrations of the various components in the reaction mixture for Step 
I were the same as those given for Experiments 1 and 2 in Table I except that gly- 
cine was omitted. The reaction mixture, total volume 1.84 ce., contained 0.5 cc. 
of crude Enzyme A5, 10 uM of 3-phosphoglyceric acid, and 1.0 mg. of a lyophilized 
rabbit muscle extract. This extract catalyzed the conversion of 3-phosphoglyceric 
acid to pyruvic acid (6, 7). After deproteinization, 1.50 cc. aliquots were assayed 
for y-glutamylceysteine with the purified Enzyme B. 60 ym of C'4-glycine, 3.0 um 
of ATP, 10 um of 3-phosphoglyceric acid, 1.0 mg. of the rabbit muscle preparation, 
and 0.5 ec. of the purified enzyme were added in a total volume of 2.50 ec. (Step II). 
If omitted in Step I, glutamic acid and cysteine were added simultaneously with 
the C'*-glycine. 


- 


The reaction mixture was then deproteinized by boiling for 5 minutes. 
Aliquots of the supernatant were assayed enzymatically by adding Enzyme 
B, C-glycine, and ATP, and incubating for an additional 45 minutes. 
The results given in Table III show that the reaction product resulting 
from the incubation of glutamic acid, cysteine, and ATP is converted to 
GSH in the presence of the purified fraction (Enzyme B). The identity 
of the reaction product with y-glutamylcysteine has been established by 
paper chromatography. To an aliquot of the reaction mixture obtained 


‘The fractionation consists of removal of inactive protein by acidification to 
pH 5.8 and precipitation of the enzyme between 0 and 40 per cent ammonium sulfate 
saturation at pH 5.2. The details of the fractionation and the properties of the 
partially purified fraction will be presented in a future publication. 
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on incubation of glutamic acid and cysteine, sulfuric acid was added to 
give a final concentration of 0.5 mM. ‘The mixture was kept in an ice bath 
for 30 minutes, and the protein precipitate was removed by centrifugation. 
The sulfhydryl compounds were precipitated from the supernatant as 
mercury salts. The mercury precipitate was washed three times with 
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Fic. 3. Tracing of paper chromatogram. J, material isolated after 60 minute 
incubation of glutamic acid and cysteine. JJ, same as I except that the isolated 
material was hydrolyzed in the absence of N-ethylmaleimide by autoclaving in 4 
x HCl for 18 hours. JI, same as J except that the incubation of glutamic acid and 
cysteine was carried out in the absence of ATP. The composition of the incuba- 
tion mixtures was the same as that given for Step I in Table III. 


cold 0.5 N sulfuric acid, and then with distilled water until free of sulfuric 
acid. The precipitate was suspended in 1.0 cc. of water and the mercury 
removed as mercuric sulfide. Hydrogen sulfide was displaced by nitrogen 
and the solution, after mixing with an equal volume of 0.2 m N-ethylmalei- 
mide, was subjected to chromatography on paper. As is shown in Fig. 3, 
the chromatogram reveals the presence of cysteine and a compound with 
the same Ry as given by authentic y-glutamylcysteine. If the solution 
is hydrolyzed by boiling in acid prior to application on the paper, the 
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y-glutamylcysteine spot disappears and the chromatogram now contains 
spots corresponding to glutamic acid and cystine. Chromatography of 
the sulfhydryl compounds isolated after the incubation of glutamic acid 
and cysteine in the absence of ATP reveals the presence of cysteine only, 


SUMMARY 


The present experiments provide several lines of evidence that in the 
synthesis of the tripeptide GSH, which is catalyzed by extracts of acetone- 
dried pigeon liver, y-glutamylcysteine is an intermediate. The data show 
the following: (1) Synthetic y-glutamylcysteine in the presence of glycine 
is rapidly converted to GSH. This reaction is linear with respect to time 
and is catalyzed by extracts which also effect the total synthesis of the tri- 
peptide. (2) The incubation of glutamic acid and cysteine in the same 
enzyme system gives rise to a compound identified as y-glutamylcysteine 
by enzymatic assay and by chromatographic analysis. (3) The presence 
of an induction period in the formation of GSH from the three amino acids 
and the linear rate of synthesis observed after preincubation of glutamic 
acid and cysteine is evidence that y-glutamyleysteine is an intermediate 
in the total synthesis of GSH. 

The resolution of GSH synthesis into two steps has permitted the demon- 
stration that the requirement for ATP in the over-all process (1) is due 
to the utilization of high energy phosphate in the synthesis of both pep- 
tide bonds. Cysteinylglycine, in the system studied, is not an intermediate 
in the synthesis of the tripeptide. 
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THE PORTAL TRANSPORT OF ABSORBED FATTY ACIDS* 


By J. Y. KIYASU, B. BLOOM,f anv I. L. CHAIKOFF 


(From the Division of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, May 22, 1952) 


Earlier reports have shown that absorbed C'-labeled stearic (1), palmitic 
(2), and pentadecanoic (3) acids can be recovered, almost quantitatively, 
in intestinal or thoracic duct lymph. In the case of myristic acid, however, 
the highest recovery in lymph was about 80, and the lowest about 60 per 
cent of the absorbed C'*. Still lower values (15 to 55 per cent) were ob- 
served with lauric acid, and, when decanoic acid was studied, the recov- 
eries in lymph did not exceed 20 per cent of the amount absorbed (1). 
The above findings were taken to indicate that the major portion of ab- 
sorbed shorter chain fatty acids is transported from the intestine via the 
portal pathway. 

These earlier findings were obtained with rats in which cannulae had 
been inserted into either the thoracic duct or intestinal lacteals. In the 
present study, we investigated fatty acid absorption in normal rats that 
were not subjected to operative manipulations. It is shown that when 
C-labeled palmitic acid is fed the ratio of plasma fatty acid-C™ of the 
portal vein to that of the inferior vena cava is about unity, whereas in 
similar experiments with C'*-labeled decanoic acid, the ratio exceeds unity. 
These results with intact rats are thus in agreement with the concept that 
long chain, saturated fatty acids are transported primarily, if not solely, 
via lymph, whereas short chain fatty acids enter by way of the portal 


system. 
EXPERIMENTAL 


Treatment of Animals—Male rats of the Long-Evans strain, which had 
been fasted from 18 to 20 hours, were fed by stomach tube 0.5 ce. of corn 
oil containing 20 mg. of either palmitic acid-1-C™ (4) or decanoic acid- 
1-C'4(1). The mixture was brought to body temperature before its admin- 
istration. From 30 to 190 minutes after the intubation the rats were 
anesthetized with ether, and their abdominal walls were opened by a mid- 


* Aided by a grant from the American Cancer Society, as recommended by the 
Committee on Growth of the National Research Council. 

t Fellow of the Atomic Energy Commission. Present address, Division of Physi- 
ology and Nutrition, The Public Health Research Institute of The City of New York, 
Inc., New York 9. 
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line incision. The rats were then exsanguinated by the simultaneous with- 
drawal, into heparinized syringes, of nearly equal volumes of blood from 
the portal vein and the inferior vena cava. About 4 cc. of whole blood 
were obtained from each site. Plasma was analyzed for fatty acid-C™ as 
described below. 

Analytical Procedures; Plasma—Plasma was slowly delivered into 20 vol- 
umes of 3:1 alcohol-ether, which was swirled constantly during the pro- 


cedure. The mixture was then refluxed for 2 hours at 55° and filtered 


TABLE 
Fatty Acid-C'* Content of Plasma Obtained from Portal Vein and Inferior Vena Cava 
Following Feeding of Palmitic Acid-C™ 
Palmitic acid labeled in the carboxy] position with C'* was administered. [ach 
rat received by stomach tube about 20 mg. of the labeled acid in 0.5 cc. of corn oil 
at body temperature. All C'* values are corrected to an administered dose of 
2 X 10° ¢.p.m. 


period sorbed* Isfetior vena cavai 
gm. min. C.p.m. C.p.m 

1 285 30 14 4.0 X 10? 4.0 K 10? 1.0 

2 285 60 15 7.3 X 10? 7.5 X 10? 0.97 

3 335 60 5S 2.2 X 103 2.0 X 10% 1.1 

4t 260 90 29 L.7 xX 16 1.6 X 10% 1.1 

5t 282 100 42 3.2 X 10% 3.5 X& 108 0.91 

6 290 150 50 2.6 105 2.4 10% 1.1 

7 300 180 61 2.0 * 10° 2.1 X 10% 0.95 

8 300 190 49 6.1 &K 108 5.3 X 108 1.2 


* Refers to the difference between the administered C'* and the fatty acid-C 
recovered from the gastrointestinal tract (7.e. wall and contents). 
t Received 10 mg. of labeled palmitic acid in 0.25 cc. of corn oil. 


through Whatman No. 1 paper into an Erlenmeyer flask equipped with a 
small side arm. The precipitate on the filter paper was washed four times 
with ethyl ether. To the combined extract and washings was added 0.5 ce. 
of 45 per cent KOH. The volume of this mixture was reduced to about 
1 ec. on a steam bath, a procedure that required about 4+ hours. About 
20 ce. of ethyl ether were then added, and the contents slowly acidified 
with H»SO,y. The ethyl ether was decanted, and the aqueous residue was 
reextracted three times with ethyl ether. The C content of the ethyl 
ether extract was then determined. In the experiments with palmitic 
acid-1-C™, this determination was done by the direct fat mount technique 
of Entenman ef al. (5). In the decanoic acid-1-C™ experiments, the C™ 
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content of the ethyl ether extract was measured by mounting the sodium 
salts of the fatty acids directly on aluminum plates, as described else- 
where (1). 

Gastrointestinal Tract—The entire gastrointestinal tract (7.e. wall and 
contents), from cardiac sphincter to anus, was excised, thoroughly ground, 
its lipides extracted, and the C™ content of the ether extract determined 
as described above. The values so obtained were used to calculate the 
extent of absorption of the administered fatty acid-C™. 


Results 


Palmitic Acid-1-C'*—Table I records the results on eight rats fed labeled 
palmitic acid. From 14 to 61 per cent of the administered C' was ab- 
sorbed in 30 to 190 minutes. At the end of the absorption period, the 
fatty acid-C' content of portal vein and inferior vena cava plasma was 
determined. The fatty acid-C™ concentration in the portal vein plasma 
was 0.9 to 1.2 times that in inferior vena cava plasma. 

Decanoic Acid-1-C'*—The results obtained with eleven rats are recorded 
in Table II. The experimental periods ranged from 30 to 170 minutes, 
and the absorption of the fatty acid-C™ during these periods ranged from 
37 to 99 per cent. In the majority of cases the values for the ratio of fatty 
acid-C'* in portal vein plasma to that in the inferior vena cava plasma 


exceeded 2.2.! 


Comment 


In the present study we used normal rats that were not subjected to 
any operative manipulation for comparing the concentration of plasma 
fatty acid-C" of the portal vein with that of the inferior vena cava at early 
intervals after the enteral administration of either decanoic acid-C™ or 
palmitic acid-C“%. Following the feeding of decanoic acid-C", the ratio of 
plasma fatty acid-C™ in the portal vein to that of the inferior vena cava 
was significantly greater than unity. Indeed, in one of the 30 minute 
experiments, the fatty acid-C' concentration in portal vein plasma was 
about 10 times that in the inferior vena cava. These ratios are consistent 
with the view that short chain fatty acids are transported from their site 
of absorption primarily via blood. 

But at no time did the ratio exceed 1.2 when labeled palmitic acid was 
fed, and in seven such experiments the ratio was 1.1 or lower. A ratio 
slightly above unity, such as the value of 1.2 observed in Rat 8, might 
indicate that some of the absorbed palmitic acid entered the portal blood 


1 When sodium decanoate-1-C'™ was injected intravenously and the fatty acid-C™ 
content of portal vein plasma and inferior vena cava plasma determined 3 minutes 
later, this ratio was found to be unity. 
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directly, but the possibility that the palmitic acid first entered lymph and 
then reached the portal blood by way of lymphatic-venous anastomoses 
cannot be ruled out. These findings with palmitic acid-C™ are in agree- 
ment with those reported by Glenn et al. (6) and by Winter and Crandall (7) 
in dogs fed olive oil, and support our earlier demonstration that lymph is 
the major, if not the exclusive, pathway for transport of long chain, satu- 
rated fatty acids (1-3). 


TaBLeE II 
Fatty Acid-C'* Content of Plasma Obtained from Portal Vein and Inferior Vena Cava 
Following Feeding of Decanoic Acid-C'4 
Decanoic acid labeled in the carboxy] position with C'* was administered. Each 
rat received by stomach tube about 20 mg. of the labeled acid in 0.5 cc. of corn oil 
at body temperature. All C' values are corrected to an administered dose of 
2X 10%. 


Rat Weight | of admin- P. v. fatty 
period | “absorbed* ye Inferior vena cava 
.v. 
gm. min ¢.p.m. c.p.m. 
10 330 30 52 3.1 X* 10% 3.2 X 10? 9.7 
lit 300 30 37 1.7 X 10° 7.4 X 10? 2.3 
12t 300 35 56 2.0 X 10% 8.3 & 10? 2.4 
13 305 65 41 2.2 X 10° 1.4 X 10° 1.6 
14 360 70 60 4.3 & 10% 5.8 X& 10? 7.4 
15 280 120 S7 3.1 & 10° 1.6 X 108 1.9 
16 200 130 99 3.3 & 10° 2.6 X 10? 1.3 
17 280 135 89 5.1 X 10° 3.7 X 10? 1.4 
18 220 135 77 6.4 & 107 2.8 X 10? 2.3 
19 220 140 78 1.1 & 108 4.1 X 10° a7 
20 230 170 87 1.1 X 108 8.2 K 10? 1.3 


* Refers to the difference between the administered C'* and the fatty acid-C" 
recovered from the gastrointestinal tract (7.e. wall and contents). 
+t Received 16 mg. of labeled decanoic acid in 0.4 ec. of corn oil. 


SUMMARY 


1. Following the administration of decanoic acid-1-C" and palmitic acid- 
1-C to rats, the concentration of fatty acid-C™ was measured in the plasma 
of the portal vein and in that of the inferior vena cava. 

2. The ratio of fatty acid-C™ in the portal vein plasma to that in the 
inferior vena cava plasma in eleven rats fed the decanoic acid ranged from 
1.3 to 9.7. In six of the rats the ratio was above 2.2. 

3. In eight rats fed the palmitic acid, the ratio did not exceed 1.2, and 
in seven of them the ratio was 1.1 or lower. 
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4. These findings are consistent with the view that short chain fatty 
acids are transported mainly by the portal pathway, and long chain, satu- 
rated fatty acids via lymph. 
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(Received for publication, June 25, 1952) 


In preliminary communications (1, 2), it has been reported that cell- 
free homogenates of pigeon liver are capable of incorporating C-labeled 
acetate into long chain fatty acids. Although this conversion has been 
abundantly established in intact animals and in tissue slices (3-9), it has 
not been possible to obtain a cell-free system from any species other than 
the pigeon. A single exception was the demonstration by Stadtman and 
Barker (10) that a water-soluble enzyme preparation obtained from Clos- 
tridium kluyvert is capable of converting labeled acetate into short chain 
fatty acids. 

It is the purpose of this communication to report further experiments 
on the fractionation of pigeon liver homogenate, as well as a study of the 
essential components and properties of this system. Furthermore, a re- 
port is presented on the preparation of a completely water-soluble enzyme 
system from pigeon liver which 1 is capable of incorporating acetate into 
long chain fatty acids. 


EXPERIMENTAL 


As previously described (1, 2), pigeons were fed 15 gm. of glucose in 
divided doses over a 4 hour period. 1 hour after the last feeding, the 
pigeons were sacrificed and the livers homogenized at 0° in a Potter-Elve- 
hjem glass homogenizer; 1.5 volumes of the following buffer were employed: 
K,HPO, 0.085 M, KH.PO, 0.009 M, KHCO; 0.07 M. 

Fractionation of the particulate matter of the homogenate was accom- 
plished by centrifugation in a Spinco preparative ultracentrifuge in a 
manner similar to that described by Schneider (11).. After removal of 
particulate matter by centrifuging at 600 X g for 10 minutes, the mito- 
chondria were sedimented at 13,000 X g over a 20 minute period. The 


* Supported by a grant of the American Heart Association. 

t Special Research Fellow of the United States Public Health Service. Present 
address, Naval Medical School, Nationag Naval Medical Center, Bethesda, 
Maryland. 
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soluble enzymes remained in the supernatant fluid (soluble phase) after 
centrifugation at 100,000 X g for 30 minutes. The mitochondria may be 
prepared in the buffer described above or in 0.25 M sucrose. The enzymes 
in the soluble phase are best prepared with the phosphate-bicarbonate 
solution in order to retain buffering capacity during incubation. The 
mitochondria may be washed several times without appreciable loss of 
activity. 

An acetone powder of the mitochondria previously washed with 0.25 
M sucrose was prepared according to conventional methods (12) by drop- 
wise addition of a suspension of mitochondria with stirring into 10 volumes 
of acetone at —12°. The suspension was centrifuged at 600 X g and 
washed once with acetone and twice with absolute ether. The ether was 
decanted and the powder dried in vacuo over H-SO, at low temperature. 
The dried powder was then triturated with 5 volumes of the original 
supernatant fluid and the suspension was centrifuged at 25,000 X g for 
30 minutes at 0° for routine preparation. It is of interest that the water- 
soluble enzyme system retains its full activity after centrifugation at 
100,000 X g for 1 hour. 

The various preparations were incubated in a Warburg apparatus at 
34° for 3 hours in the presence of C-labeled sodium acetate; the gas phase 
was air. Following incubation, the mixtures were saponified, and the 
long chain fatty acids were isolated and purified as previously described 
(9). After wet combustion to BaCO;, the samples were plated and 
counted as described (9), except that radioactivity is expressed as counts 
per minute per mg. of carbon for infinitely thin samples. Direct plating 
of the fatty acids as described by Entenman et al. (13) was employed for 
the experiments with the water-soluble system and was found to give 
results identical with those obtained by conversion to BaCQ3. 


Results 


It has previously been shown (1) that both the clear supernatant fluid 
(after centrifugation at 100,000 X g for 30 minutes) and the particulate 
matter were essential for synthetic activity. The soluble phase was found 
to be stable at 0° for 24 hours, whereas the particulate matter was ren- 
dered inactive under these conditions. It was also found that the enzymes 
of the supernatant fluid were completely inactivated at 100° in 5 minutes. 

A marked stimulating effect by Mg*+* ions was observed (Table I). 
‘The addition of citrate was also observed to accelerate significantly the 
incorporation of acetate into fatty acid, whereas a much smaller effect 
was obtained with oxalacetate. The addition of insulin, growth hormone, 
hyperglycemic factor, a-ketoglutarate, glucose, hexose diphosphate, bi- 
otin, or dinitrophenol (10-4 m) exerted little or no effect on this process. 
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Conversion of 1-C'4-Acetate to Long Chain Fatty Acids by Homogenates of Pigeon Liver 


Each vessel contained 70 um of 1-C'4-acetate (1440 c.p.m. per uo). 


The final con- 


centration of citrate and oxalacetate was 0.01 m in Experiments 4 and 5. 


Recovered fatty acids 
Experi- | Acetate 
Conditions | 0.01 | = ity, incorporated 
| C c.p.m. X 104 atty aci 
| mg. uM 
1 | Homogenate a a 42 440 1.4 23 
2 167 | 174 | 2.3 9.6 
oie + 144 396 4.3 21 
3 - 45 168 0.57 8.9 
48 470 1.7 25 
4 4 oo 46 126 0.44 6.8 
ie + citrate + 48 624 2.3 33 
os + oxalacetate | + 48 174 0.64 9.2 
5 7 | + 40 204 0.62 11 
a + citrate ao 43 691 2.3 37 
” + oxalacetate + 39 276 0.82 15 
6 es | + 43-354 1.2 18 
“ anaerobic | +} 43 300 0.96 15 
7 a ao 60 349 1.6 18 
Slices from same liver oe 57 840 3.6 44 
8 | Homogenate + 24 120 6.3 
Slices from same liver + 24 276 (0.50 14 
TaBLe II 


Conversion of 2-C'4-Acetate to Fatty Acids by Pigeon Liver Mitochondria and Super- 


natant Fluid 


Supernatant fluid was added to all vessels except those containing whole homo- 
genate. Each vessel contained 70 um of 2-C!!-acetate diluted to contain 1450 c.p.m. 


per uM. 
| Recovered fatty acids 
Experiment 
No. | C.p.m. | Total radioactivity, 
per mg. C c.p.m. X 104 
1 Whole homogenate 51 805 3.1 
Particles (600 X g) 41 0 
“ (13,000 X g; mitochondria) 15 1470 1.7 
" (100,000 X g; microsomes) 4 0 
2 Whole homogenate 27 1480 3.0 
Particles (600 X g) 20 6 
(13,000 X g) 12 1890 


«(100,000 X g) 
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Incubation in an atmosphere of Ne produced only a moderate depres- 
sion in the rate of incorporation of acetate. That the homogenate is 
fairly efficient is apparent from Experiments 7 and 8 (Table I) from which 
it can be seen that approximately half as much acetate was incorporated 


TABLE III 


Conversion of C'4-Labeled Acetate to Long Chain Fatty Acids by Pigeon Liver 
Mitochondria and Supernatant Fluid 
The system was composed of 0.5 ml. of washed mitochondria, 2.0 ml. of super- 
natant fluid, CH;C'*OONa (5.0 X 10° c.p.m. per mg. of C) 0.008 mM, cytochrome ¢ 
5 X 10-5 Mm, and MgCl, 0.003 m in a final volume of 3.0 ml. Before saponification, 
25 mg. of palmitic acid were added as carrier. The yield of recovered fatty acids 
was 24 to 27 mg. 


- — 


Ex. Recovered fatty acids 
ment Conditions Com || Acetate incor- 
per'mg. | Tadionetivity, | porated pe 
1 | Control an 655 1.2 4.0 
“4 DPN (1 mg.) 4 910 | 1.7 5.8 
citrate (0.01 m) +4 2460 4.9 16 
+ DPN + citrate + 2950 5.8 19 
“ + DPN (1 mg.) + 1370 2.6 8.7 
‘+ citrate (0.01 m) | + 2490 4.7 16 
+ DPN + citrate | + 3050 5.8 19 
3 430 0.85 2.8 
678 1.3 4.3 
4 586 1.1 3.7 
2 + 756 1.5 4.8 
5 1200 2.5 7.6 
‘+ NaF (0.01 m) + 108 0.21 0.68 
CaCl, (0.004 m) 130 0.26 0.83 
- ‘+ malonate (0.02 m) —- 820 1.6 5.2 
+ hydroxylamine (0.01mM)) 1130 2.3 
(0.1 mM) | + 72 0.14 0.46 
6 e + 935 1.8 5.9 
incubated under 800 1.4 5.0 


by the homogenate when compared with an equal amount of slices from 
the same liver under comparable conditions. 

Fractionation of the particulate matter indicated that the mitochondrial 
fraction supplemented with the water-soluble enzymes of the soluble phase 
provided all of the essential components of the fatty acid-synthesizing 
system (Table IT). It was not possible to replace the water-soluble com- 
ponent with a similarly prepared extract obtained from homogenized 
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pigeon breast muscle or with an actively glycolyzing acetone powder of 
rabbit muscle. Because a considerable amount of fat is lost during the 
centrifugation required for the preparation of the mitochondrial-super- 
natant system, it is not surprising that the specific activity of the re- 
covered fatty acids is greater in the reconstructed system than in the 
original whole homogenate. 


TaBLeE LV 
Incorporation of 1-C'4-Acetate by Pigeon Liver Mitochondria 


The conditions and cofactors employed were the same as those described in 
Table III, except that 1 ml. of DPN and 0.01 m citrate were included. All of the 
vessels contained washed mitochondria. 24 to 27 mg. of fatty acids were recovered 
in all instances. 

The supernatant fluid was dialyzed for 24 hours at 0° against 0.01 Mm phosphate 
buffer, pH 6.8; salts were added after dialysis to restore the original concentrations. 


Recovered fatty acids 


Supplements C.pm rota! ay incor. 
tivity, t 100 
per mg. C x 104 acids 
1* Supernatant fluid; 24 hrs., 0° 2500 4.8 16 
Dialyzed supernatant fluid 1380 2.6 8.8 
2+ Supernatant fluid; 24 hrs., 0° 2070 4.0 13 
Dialyzed supernatant fluid 980 6.2 
1 mg. TPN 900 1.7 | 5.7 
+ isocitrate 0.01 m + MnCl. 0.002 m 
3¢ Supernatant fluid; 24 hrs., 0° 2600 5 17 
Dialvzed supernatant fluid 990 2.0 | 6.8 
“+ ultrafil- 1260 2.6 | 8.7 


trate | 


* These values represent the mean of six experiments. 

t Mean of two experiments. 

t The first two vessels were supplemented with a volume of buffer equal to that 
of the ultrafiltrate (0.6 ml.). 


With the mitochondrial-supernatant system, a marked stimulation ‘was 
again produced by citrate, while more moderate effects were obtained 
with diphosphopyridine nucleotide (DPN) and cytochrome c (Table III). 
No stimulating effect was obtained with adenosinetriphcsphate (ATP), 
which in concentrations greater than 10-* m was found to be inhibitory. 
0.02 mM malonate produced a partial inhibition, while 0.1 mM hydroxylamine, 
0.01 m fluoride, and 0.004 m Cat+, respectively, exerted a marked in- 
hibitory effect. The mitochondrial-supernatant system was also found 
to operate effectively under anaerobic conditions. It should be observed 
that all of the anaerobic experiments reported in this paper involved a 
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preliminary flushing of the Warburg vessels with N. for 15 minutes at 0°, 
followed by a 5 minute flushing period at the bath temperature prior to 
tipping in the radioactive acetate. 

Dialysis of the soluble phase at 0° was invariably accompanied by a 


TABLE V 
Incorporation of Labeled Acetate by Water-Soluble Preparation 


The complete system contained 2.5 ml. of an extract of mitochondria in super- 
natant fluid, 1-C'*-acetate (5 X 10° ¢.p.m. per mg. of C) 0.008 m, cytochrome c 5 x 
10-5 m, MgCl. 0.003 mu, DPN 1 mg., and citrate 0.01 um. All flasks contained these 
componente except whore omissions are indicated. Carrier palmitic acid (25 mg.) 
was added after incubation. The CoA (1 mg.) employed in Experiment 3 was 85 
per cent pure (Pabst Laboratories); cysteine 0.01 m. 


| Recovered fatty acids 
Experi- | 


ment Conditions Total Ace 

uM 
1 Complete system 1200 2.3 7.6 
Mitochondria + supernatant fluid 1430 2.8 9.2 
2 Complete system 1130 | 2.1 7.2 
Mitochondria + supernatant fluid 1260 | 2.4 8.0 

3 Complete system 2800 5.3 18 
days at —12° | 1520 | 2.9 | 9.7 

anaerobic 1780 | 3.4 11 

CoA + cysteine, 2870 5.5 18 

without citrate | 800 1.5 5 

MgCl, 2860 5.2 18 

cyto- 2840 5.4 18 

| chrome c 

7 Complete system 2.5 8.3 
anaerobic 870 1.6 5.5 

1250 2.3 S 
anaerobic 650 1.2 4.1 

6 1830 3.5 11 

2.9 


loss of activity which could not be restored to control levels by the addi- 
tion of known cofactors or by an ultrafiltrate of the supernatant fluid (14) 
prepared at low temperature (Table IV). The addition of isocitrate, 
triphosphopyridine nucleotide (TPN), and Mn** also failed to restore full 
activity to the dialyzed preparations. 

Extraction of acetone powders of the mitochondria with the original 
supernatant fluid or with buffer to which supernatant fluid was subse- 
quently added resulted in preparations which retained nearly the full 
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activity of the intact mitochondria (Experiments 1 and 2, Table V). This 
water-soluble enzyme was unaffected by DPN, Mg*, or cytochrome ec, 
although citrate still exerted a marked stimulating effect. The enzymes 


TaBLe VI 
Effect of Cofactors on Dialyzed Water-Soluble System 
All conditions are the same as in Table V except that 1 mg. of CoA and 0.01 m 
cysteine were included. As in Table V, the yields of recovered fatty acid were 
24 to 25 mg. 


Recovered fatty acids 


| Conditions 0.001 C.p.m. Total. Acetate incor- 
| | per mg. | radioactivity, porated per 100 
c.p.m. X 103 “mg. fatty acids 
| | pre 
1 | Non-dialyzed control | — | 1310 24 8.3 
Dialyzed (5 hrs.) + cofactors | —- | &B 0.44 0.15 
i+! @ 1.3 0.42 
‘* without CoA + cysteine — , 10 0.18 0.06 
DPN ll 0.21 | 0.07 
cytochrome c 20 0.36 0.13 
2 | Non-dialyzed control | — 1250 24 | 7.9 
| + 980 19 6.2 
Dialyzed (2 hrs.) + cofactors = 285 5.1 | 1.8 
Same + | 420 8 | 2.6 
‘* without CoA + cysteine + 280 5.1 | 1.8 
‘DPN + | 198 3.6 1.2 
“Mgt 45 0.82 0.28 
 eytochrome c 222 4.0 1.4 
3 | Non-dialyzed control Bigg | 1830 33 12 
Dialyzed (2 hrs.) + cofactors — 397 7.5 2.5 
Same + | 635; 11 4 
‘* without CoA + cysteine + 432. 8.2 | 2.7 
eysteine + 450) 8.2 2.7 
CoA + 560 | 10 3.5 
DPN + 4.9 1.6 
 eytochrome c + 306 5.6 1.9 


| 


retained approximately 50 per cent of their initial activity after being kept 
frozen at —12° for 7 days (Table V). 

The water-soluble system was also found to operate effectively in an 
atmosphere of N2 (Table V). Although acetate is rapidly incorporated 
into fatty acids in the absence of Oz, little or no carboxyl-C-octanoate 
was similarly incorporated under identical conditions. Furthermore, it 
was not surprising to find that this preparation was unable to convert 
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labeled octanoate either to CO, or to acetoacetate under anaerobic con- 
ditions. 

The soluble system is rapidly inactivated by dialysis (Table VI). The 
soluble phase which is inactivated by dialysis cannot be fully reactivated 
by the addition of known cofactors for glycolysis or those known to stimu- 
late fatty acid synthesis. Since addition of an ultrafiltrate of the super- 
natant fluid similarly fails to restore activity, it is probable that enzyme 
inactivation has been accelerated by the loss of cofactors or metallic ions 
or both. After dialyzing the complete water-soluble system for 2 hours 
against the phosphate-bicarbonate buffer, to which had been added MgC, 


TaBLe VII 
Conversion of Acetate and C'+-Labeled Acetyl Coenzyme A to Long Chain Fatty Acids 
The vessels contained 0.3 ml. of soluble fatty acid-synthesizing system, 0.0! 
M citrate, and 0.2 um of substrate. Following incubation, 12.5 mg. of carrier pal- 
mitic acid were added before saponifying. The specific activity of the acetate was 
3.0 X 105 ¢.p.m. per uM and the acetyl moiety of acetyl CoA contained 2.3 x 105 
¢.p.m. per uM. Approximately 11 mg. of fatty acid were recovered from each vessel. 


Recovered fatty acids 


1 CH;C'OONa 387 3240 0.11 
Acetyl C'-CoA 198 1640 0.072 
2 CH;C'OONa 99 825 0.028 
Acetyl C'!-CoA 51 448 0.019 
3 CH;C#OONa 283 2380 0.080 


Acetyl C'-CoA SO 670 0.030 


1X 10°-°mM, MnCl, 1 & 107° M, and CuCl, | & 107° M, only 30 per cent of 
the initial activity remained. It is of interest to note that a marked de- 
pendence on certain cofactors was observed after this brief dialysis. 
Under these conditions, the system is significantly diminished in efficiency 
if Mg*t+ or DPN is omitted. The system is also depressed by the with- 
drawal of cytochrome c; a similar effect with ATP (0.001 mM) was observed, 
in contrast to previous results with non-dialyzed preparations for which 
ATP was found to be inhibitory. Withdrawal of coenzyme A (CoA) 
and cysteine tended to depress the incorporation of acetate after dialysis, 
although this effect may probably be ascribed to cysteine alone (Table 
VI). 

The generosity of Dr. E. R. Stadtman of the National Heart Institute 
enabled us to study the extent of incorporation by the soluble system of 
(M4_labeled acetyl coenzyme A compared with that of labeled acetate. 
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The 2-carbon unit of acetyl coenzyme A was found to be considerably less 

effective as a precursor of fatty acids than acetate itself (Table VII). 
The incorporation of labeled acetate or of labeled acetyl coenzyme A into 

cholesterol could not be demonstrated in any of the cell-free preparations. 


DISCUSSION 


Drysdale (15) has reported that the fatty acid-oxidizing enzyme system 
of liver which has hitherto been associated with the mitochondrial fraction 
can be dissolved in aqueous buffer by suitable extraction of an acetone 
powder prepared from mitochondria. It is apparent that a component 
of the fat-synthesizing system is present in the same fraction. Whether 
the enzyme systems are identical or different remains to be established. 
A hypothesis has previously been presented (16) suggesting that the path- 
ways of synthesis and breakdown may be different in some respects. Two 
different conditions have now been found in which only one of the two 
processes is able to proceed at a significant rate: (1) livers of diabetic (16) 
or fasted (17) rats can oxidize fatty acids but cannot convert acetate to 
fatty acids; (2) the water-soluble system obtained from normal pigeon 
liver can efficiently convert acetate into fatty acids under anaerobic con- 
ditions which allow little or no oxidation of fatty acids. These observa- 
tions can be interpreted as offering further support for the working hy- 
pothesis that fatty acid synthesis and oxidation may involve one or more 
separate and distinct chemical reactions. It should be emphasized, how- 
ever, that this hypothesis must remain questionable until it has been found 
possible to separate the two enzyme systems. 

It is probably more likely, on the basis of work reported from Chaikoff’s 
laboratory (17, 18), that the incorporation of acetate into long chain fatty 
acids requires not only the presence of an acetate-activating system but 
the simultaneous participation of rapid glycolysis. Baker et al. (18) have 
demonstrated that prior ingestion of fructose by alloxan-diabetic rats 
restores the ability of liver slices to incorporate acetate into fatty acids. 
Stimulating effects of glucose ingestion upon the rate of lipogenesis by 
liver slices have also been observed (17). These authors have likewise 
obtained evidence suggesting that the glycolytic and oxidative enzymes 
may be intact in livers which have lost the ability to form fatty acids from 
acetate. The effects of fasting (17), alloxan treatment (16), and pan- 
createctomy (19) upon lipogenesis by liver slices may perhaps be ascribed 
to a diminished availability of intracellular substrates for glycolysis. 

It is obvious that not only must energy be supplied for this reductive 
synthesis but that a continuous source of some hydrogen donor must be 
generated. Although reduced DPN is a likely possibility, further work 
will be necessary to establish this point. 
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Finally, it may be noted that the saturated long chain fatty acids ob- 
tained by incubating pigeon liver homogenates with labeled acetate con- 
tain significant amounts of isotope distributed throughout the molecule. 
Several such preparations were pooled and found to have a specific ac- 
tivity of 450 c.p.m. per mg. of C. Decarboxylation revealed that the 
carboxyl carbon contained 1080 c.p.m. per mg. of C instead of the antici- 
pated 900. Although there was a slight preferential coupling of acetate to 
the carboxyl end of the long chain fatty acids, it is clear that the major 
portion of the acetate was incorporated as 2-carbon units throughout the 
fatty acid molecule. Since it is difficult to conceive of 2-carbon units 
exchanging in random fashion throughout the chain length, it is not un- 
reasonable to look upon the process as a true synthesis, even though a net 
increase in fatty acids has not been demonstrated. 


SUMMARY 


A water-soluble enzyme system has been prepared from pigeon liver 
which is capable of converting C-labeled acetate into long chain fatty 
acids. This conversion has also been found to take place in homogenates 
of the same tissue as well as in preparations of washed mitochondria sus- 
pended in the particle-free supernatant fluid. By preparation of an ace- 
tone powder of the mitochondria, the active mitochondrial component is 
rendered extractable into buffer or clear supernatant fluid. 

The water-soluble system converts acetate into long chain fatty acids 
nearly as efficiently as does the whole homogenate. Aerobically, the 
process is stimulated by Mgt*, DPN, and cytochrome c and is greatly 
enhanced by the addition of citrate. Calcium and fluoride ions are in- 
hibitory. 

Anaerobically, the conversion proceeds with only a moderate depres- 
sion of the rate. Under these conditions “synthesis” of fatty acids can 
occur, while fatty acid oxidation is negligible. The implications of these 
findings are discussed. 

In the water-soluble system C-labeled acetyl coenzyme A appears to 
be a less efficient precursor of fatty acids than is C-labeled acetate. 
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THE DETERMINATION OF VITAMIN By ACTIVITY IN HUMAN 
SERUM* 


By HAROLD L. ROSENTHAL ann HERBERT P. SARETTT 


(From the Nutrition Iesearch Laboratory, Departments of Medicine and Biochemistry, 
Tulane University School of Medicine, New Orleans, Louisiana) 


(Received for publication, July 8, 1952) 


Studies on the microbiological assay of vitamin By in serum and blood 
have recently been reported, with Huglena gracilis var. bactllaris and Lacto- 
bacillus lecchmannii as the test organisms (1-3). The studies by Ross (1) 
indicate that vitamin By in serum is present, in part, in a form not available 
to microorganisms unless the serum is previously heated. 

In the present work, a detailed study has been made of the preliminary 
treatment of human serum necessary for microbiological determination of 
vitamin By activity with L. leichmannii. The results indicate that the 
vitamin By-active material in serum is firmly bound and is not readily 
released by dialysis, but is liberated by heating under suitable conditions. 

EXPERIMENTAL 

Vitamin By-active material was measured microbiologically with L. leich- 
mannit (ATCC 4797) by the method of Thompson et al. (4) as modified by 
Register and Sarett (5). Crystalline vitamin By was used as a standard.! 
All tests were incubated at 37° for 65 to 72 hours and titrated with 0.1 N 
alkali. 

Blood was obtained by venipuncture and allowed to clot thoroughly at 
6°. After centrifugation, the serum was removed for analysis. It was 
found that serum samples could be stored in the frozen state (— 20°) for 6 
months with no perceptible loss of activity. When large quantities of 
serum were required, these were obtained as pooled samples from the 
Diagnostic Laboratories of the Charity Hospital of Louisiana, New Orleans. 
Slight hemolysis of the blood samples did not interfere with the analysis.’ 

Since it was necessary to liberate the bound vitamin By-active materia! 


* This work was supported by grants from the Nutrition Foundation, Inc., The 
Roche Anniversary Foundation, the Williams-Waterman Fund of the Research Cor- 
poration, and the Division of Research Grants and Fellowships of the National 
Institutes of Health, United States Public Health Service. 

t Present address, Mead Johnson Research Laboratories, Evansville, Indiana. 

'A solution of crystalline vitamin B,. (Cobione) was generously furnished by 
Merck and Company, Inc., Rahway, New Jersey. 

* This procedure is not applicable to whole blood, since some acid-soluble proteins 
are not completely removed and interfere in the assay. 
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from the serum proteins and to remove most of the protein prior to assay 
with L. leichmannii, a method was evolved for carrying out both steps at 
the same time. The procedure that was adopted is as follows: To 5 ml. of 
serum in a 25 X 200 mm. Pyrex test-tube are added 5 ml. of 1 per cent 
acetate® buffer (pH 4.6) and 20 ml. of distilled water. This provides a 
1:6 dilution of serum at pH 5.1. After thorough mixing, the tube is 
covered with a tightly fitting beaker and immersed in a boiling water bath 
(100°) for 30 minutes.‘ After cooling and centrifugation, a clear superna- 
tant solution (22 to 23 ml.) is obtained. Occasionally, a second centrifuga- 
tion of the supernatant is necessary to remove shreds of protein. 9 ml. of 
this solution are carefully adjusted to pH 6.9 + 0.1 with dilute sodium 


TABLE I 
Recovery of Vitamin Biz Added to Serum 


Serum No. Vitamin Biz added | Vitamin Biz found _ Vitamin Biz recovered 


myugm. per ml. mugm. per ml. | myugm. per ml. | per cent 

1 0.33 : | 

0.50 0.77 | 0.44 | 88 
0.41 | | 

0. 50 | 0.92 0.51 | 102 
3 i 0.30 | | 

0.50 0.80 | 0.50 | 100 
4 | 0.51 

0.25 0.76 0.25 ~ 100 
5 0). 22 

0.10 0.33 0.11 110 
6 0.19 | 

0.10 0). 29 0.10 100 


hydroxide and made up to a total volume of 15 ml. The final dilution of 
the serum at this point is 1:10. The material is then assayed for total 
vitamin By activity at levels of 2,3, 4, and 5 ml. per tube. The remaining 
supernatant obtained from 5 ml. of serum may be used for a duplicate 
determination or for measurement of alkali-stable vitamin By activity. 

Crystalline vitamin By added to serum can be quantitatively recovered 
by this procedure as shown by the experiments in Table I. In these re- 
covery experiments, the amount of vitamin By» added to the serum was of 
the same order of magnitude as that found in the serum and the recovery 
ranged from 88 to 110 per cent of the added material. 


’ This concentration of acetate does not interfere in the assay. It has been found 
that as much as a 4-fold increase in acetate ions in the medium does not affect the 
growth response of L. leichmannii. 

‘It has been found that heating of the diluted serum samples for time intervals 
from 5 to 120 minutes did not alter the extraction of vitamin By, activity from scrum. 
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In order to determine whether the vitamin By activity, as measured by 
the above procedure, was due mainly to vitamin By or to other micro- 
biologically active substances (6-10), the conditions necessary for destroy- 
ing the activity of vitamin By by heating alkaline solutions of the serum 
extracts were determined (11, 12). 

12 ml. aliquots of pooled supernatant, to which 0.2 mygm. of vitamin 
By was added, were adjusted to pH 5 to 12 with a dilute solution of sodium 
hydroxide. These solutions, in 18 X 150 mm. test-tubes, were covered 
with tightly fitting beakers and heated in a boiling water bath for 30 
minutes. At the end of this time, the tubes were cooled rapidly in ice 
water in a refrigerator, neutralized to pH 6.9, diluted to 20 ml., and assayed 
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Fic. 1. The effect of pH on the inactivation of added vitamin By, in serum extract 
heated at 100° for 30 minutes. 


for vitamin By activity. All values were corrected for the vitamin By» 
activity remaining in similarly treated serum extract to which no vitamin 
By had been added. The results, illustrated in Fig. 1, show that vitamin 
By added to serum is stable to heat at pH 5 to 8, is partially inactivated 
between pH 8 and 10, and is completely inactivated above pH 10.5. 

The effect of temperature on the alkaline inactivation of vitamin By at 
pH 11 was studied in a similar fashion by placing the tubes in water 
baths adjusted to temperatures ranging from 0—100° for 30 minutes. The 
data (Fig. 2) show that vitamin By in an extract of serum at pH 11 is 
stable for at least 30 minutes between 0-37° and is inactivated at higher 
temperatures. 

The rate of inactivation of added vitamin By at pH 11 at 100° was 
also studied by heating the tubes in a boiling water bath for periods up to 
80 minutes. The findings are plotted in Fig. 3 and show that under these 
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conditions about 90 per cent inactivation occurs in the first 10 minutes and 
complete inactivation after 20 minutes. 

On the basis of the above information, the determination of alkali-stable 
vitamin By activity was performed as follows: To 12 ml. of serum super- 
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Kia. 2. The effect of temperature on the inactivation of added vitamin B,. in 
serum extract (pH 11) heated for 30 minutes. 
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Fig. 3. The rate of inactivation of added vitamin Bj. in serum extract (pH 11) 
heated at 100°. 


natant, obtained as described previously, 0.1 ml. of 1 N NaOH was added 
(resultant pH 11 + 0.5). This solution was heated for 30 minutes in a 
boiling water bath, cooled, carefully neutralized,® diluted to 20 ml., and 
assayed for vitamin By activity. 


‘> This amount of sodium ion does not interfere in the assay. An excess of sodium 
or potassium ion inhibits the growth response of L. leichmannii and must be avoided. 


no 


H. L. ROSENTHAL AND H. P. SARETT 437 
TasBLe If 
Vitamin Byz Activity in Sera of Fasting Subjects 
No. | Vitamin | Subject No. Vitamin 
myugm. per mi, myugm. per mi. 
0). 25 13 0.18 
2 0.13 14 0.16 
3 Q. 25 15 Q. 22 
4 0.16 16 0.18 
5 0). 25 17 0). 24 
6 0.23 18 Q. 28 
7 0.11 19 Q. 22 
S 0.35 20 0.13 
9 0.14 21 0. 20 
10 Q). 42 22 0.17 
11 0.23 23 0.08 
12 0.14 24 0.14 
Average.......... Q. 20 
TABLE III 
Alkali-Stable Vitamin By, Activity in Serum 
Vitamin Bie activity 
Total After alkaline heating 
per mil. mugm. per ml. | per cent of total 
1 0.51 0.023 | 4.5 
2 0.49 0.012 | 2.5 
3 ). 22 0.013 | 5.9 
4 0. 34 0.011 | 3.2 
5 0. 22 | 0. 000 | 0.0 
6 0. 22 | 0.001 | 0.5 
7 0. 40 | 0.010 | 2.5 
8 0.38 | 0.020 | 5.2 
9 0.73 0. 000 | 0.0 
10 0). 25 0.010 | 4.0 
i 0.16 | 0.015 ! 9.4 
12 0.25 | 0.010 4.0 
13 0.23 | 0.014 6.1 
14 0.11 | 0.005 4.6 
15 0.36 0.005 1.4 
16 0.19 0). 000 0.0 
Average. ........ 0.32 0). 009 3.4 
Results 
The vitamin By activity in twenty-four samples of serum obtained from 
normal human subjects in a postabsorptive state ranged from 0.08 to 0.42 
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mygm. per ml. of serum and averaged 0.20 mygm. per ml. (Table II), 
Additional samples of serum obtained from some of these individuals at 
various times during the day did not vary significantly from the values 
found in the fasting state. 

The determination of alkali-stable vitamin By: activity was carried out in 
sixteen sera, some of which were pooled serum samples from hospitalized 
subjects undergoing various forms of treatment. The total average vita- 


TABLE IV 
Binding of Vitamin Biz by Serum 


Vitamin Biz activity found 
after dialysis* 
Within membrane (8 ml.) Outside membrane (25 ml.) Within [Outside minaniging 
mem- | mem- |Total recovered 
brane | brane 
myugm. | mugm. | myugm. 
Serumf Saline 3.1 | 100 
Serum + 10 mygm. vitamin 12.5) 12.5 | 
Biz 
Serum + 30 mugm. vitamin as 19.5 9.9 | 29.4) 89 
Bie 
Serum ‘* +10 mygm. vitamin | 11.0} 2.6 | 13.6 | 104 
Biz 
ag Saline + 30 mugm. vitamin | 21.0 | 12.0 | 33.0 | 100 
Biz 
Saline + 10 mygm. vitamin | Saline 2.8} 6.5] 9.3) 98 
Bie 
Saline + 30 mygm. vitamin 7 8.3 | 20.2 | 28.5 | 95 
Bie 


* Dialysis for 48 hours at 6°. 
+ 5 ml. of serum were used in each test and diluted to 8 ml. in volume with saline 
or a solution of vitamin Bye. 


min By activity was, therefore, slightly higher than the normal levels 
shown in Table II. When these serum extracts were heated at pH 11, as 
described above, it was found that most of the vitamin By activity had 
been destroyed (Table III). The alkali-stable vitamin By activity of the 
sera represented 0 to 9.4 per cent of the total activity, with an average of 
3.4 per cent. The activity which had been destroyed by the above treat- 
ment, 90 to 100 per cent of the total value, may be assumed to have been 
due to vitamin By. 

Bound Vitamin By in Serum—In view of the seemingly conflicting re- 
ports (1, 13, 14) on the ease of release of vitamin By from serum, the 
binding of vitamin Byz by serum was studied in dialysis experiments. In the 
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first experiment solutions of serum or saline with and without added vitamin 
By were placed in cellulose tubing® and dialyzed against 25 ml. of saline 
at 6° for 48 hours. In the presence of saline within the membrane, 10 or 
30 mugm. of vitamin By were readily dialyzable and equilibrium was 


TABLE V 
Binding of Vitamin By. by Serum 


| Found within membrane 


Within membrane | after dialysis* 


luti \Vitamin Bae added ere | hoe vitamin Biz! Per cent of added 
Solution | itamin Biz adde activity | vitamin Bas bound 
mygm. | 
Serumt 6.0 3.0 | 
7.0 2.8 | 
8.0 2.7 | 
2.8 | 
Serum 10 6.0 11.5 
10 7.0 10.5 
10 8.0 11.5 
Average............ 11.2 84 
Serum | 30 6.0 15.0 
| 30 7.0 16.0 
| 30 8.0 18.0 
Average............. | | | 16.3 | 45 
Saline 0 | 0 
| 30 | 6-8 


0 | 0 


* Dialysis for 65 hours at 6° against 50 ml. portions of Clark and Lubs buffered 
saline, which is changed every 2 hours, except overnight. 

t 5 ml. of serum were used in each test and diluted to 8 ml. in volume with saline 
or a solution of vitamin Bi». 


almost reached under the conditions used (Table IV). When serum was 
placed within the membrane, vitamin By, added either to the serum or to 
the outside fluid, was found after dialysis to be present mainly in the serum 
compartment. When 10 myugm. of vitamin By were added to the serum, 
no vitamin By was found in the dialysate, whereas when 30 mygm. were 
added, 9.9 mugm. of vitamin Byz appeared in the dialysate. In all of these 


* The cellulose tubing (8/32 inches in diameter) was obtained from the Visking 
Corporation. 
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experiments the vitamin By found within and outside of the membrane 
accounted for 89 to 104 per cent of the total vitamin Bie present at the 
start of the experiment. 

Additional data obtained by exhaustive dialysis of serum samples with 
frequent changes of Clark and Lubs buffered saline at pH 6.0, 7.0, and 8.0 
ure illustrated in Table V. It is readily apparent that added crystalline 
Vitamin By is strongly bound to substances present in serum, and that the 
degree of binding is essentially the same between pH 6 and 8. The data 
in Fig. 4 were obtained in a similar experiment and show the degree of 
saturation of serum with respect to crystalline vitamin By when various 
levels of vitamin By were added to the serum before dialysis. 


E 
> A a 
3 O = pH S$-.O 
vy O = pH 7.0 
pW 8.0 
Zz 
> i i i i i 
5 te) 20 40 50 


VITAMIN 8,2 ADDED - mé/ml. 


Fic. 4. The binding of vitamin B,; by human serum. Serum samples to which 
vitamin B,2 was added were dialyzed for 65 hours at 6° against frequently changed 
portions of Clark and Lubs buffered saline at pH 6.0, 7.0, and 8.0. 


DISCUSSION 


The vitamin By activity of serum obtained from twenty-four normal 
individuals in the postabsorptive state was found by the present method to 
average 0.20 mugm. per ml. and to range from 0.08 to 0.42 mugm. per ml. 
In this method the vitamin By activity is extracted from the diluted serum 
at about pH 5 by heating at 100° for 30 minutes. This procedure also 
removes the proteins and permits assay with L. leichmannii. The values 
obtained are slightly lower than those reported by Ross (1) with Euglena. 
In serum heated for 30 minutes at 70° Ross found 0.185 mugm. of vitamin 
By per ml. (0.02 to 0.35 myugm. per ml.) and in serum heated at 100° for 
30 minutes, 0.49 myugm. per ml. (0.35 to 0.75 myugm. per ml.). The latter 
values are somewhat higher than those reported here for normal subjects. 
More recently Mollin and Ross (15) reported an average of 0.33 mygm. per 
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ml. (0.10 to 0.72 mugm. per ml.) in the sera of normal subjects. Ross gives 
no information on the dilution or pH employed in heating the serum. A 
difference between the assays by the two organisms is that L. leichmannii 
responds to substances other than vitamin By2 such as various desoxyribo- 
sides (6-10), whereas Huglena assay is specific for vitamin By, as far as is 
known (16). In the serum extracts prepared for the L. lecchmannii assay, 
practically all of the vitamin By: activity which is obtained can be des- 
troyed by heating in dilute alkali solution under conditions which com- 
pletely inactivate added vitamin Biz. Desoxyribosides are stable under 
these conditions (10). According to these findings one may assume that 
the values for total vitamin By activity in human serum reported here are 
due mainly to vitamin By or similar substances and not to desoxyribosides. 
Couch e¢ al. (3) found that all the vitamin By activity of mammalian blood 
was removed on autoclaving with sodium hydroxide, but that of reptile 
and bird blood which contains nucleated red cells could not be completely 
destroyed by this treatment. 

In dialysis experiments it has been shown that the vitamin By activity 
in normal serum is firmly bound and cannot be removed by dialysis under 
the conditions tried in this laboratory. In addition, human serum can 
bind limited amounts of added vitamin Bz which are not removed by ex- 
haustive dialysis. The substances present in serum that are responsible 
for the binding of vitamin By are as yet unknown. In contrast to these 
results, Yamamoto ef al. (13) have reported that vitamin Biz added to dog 
plasma was freely dialyzable and that appreciable levels of vitamin By2 in 
plasma were found, by dialysis, after the dogs received large doses of vita- 
min By: orally or parenterally. Dog plasma and human serum may differ 
in their ability to bind vitamin By. However, the levels of vitamin By 
measured in the experiments of Yamamoto et al. (13) would greatly ex- 
ceed the capacity of human serum for binding of vitamin By. It appears 
that their method could not be applied to studies in human serum when 
vitamin Biz is present at physiological levels. These results indicate the 
need for further evaluation of the microbiologically active substances 
present in blood serum. 

Preliminary studies on vitamin B,2 metabolism in man in this laboratory 
indicate that vitamin By activity in serum and urine is not elevated 
significantly above normal values when subjects are given 500 to 1000 y 
of vitamin Bye orally in a single dose. 


SUMMARY 


1. \ method for the extraction and measurement of vitamin By activity 
of human serum with Lactobacillus leichmannii has been developed. 

2. The conditions necessary for inactivation of vitamin By by heating 
an alkaline solution of the serum extract have been studied. 
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3. Samples of serum from twenty-four individuals in the postabsorptive 
state were found to contain from 0.08 to 0.42 mygm. of vitamin By: per 
ml., averaging 0.20 mygm. per ml. Over 90 per cent of the total vitamin 
Bye activity measured in this manner is inactivated by heating at pH 11 
and appears to be vitamin By. 

4. The vitamin By activity of human serum is not readily dialyzable 
and appears to be present in a bound form. Limited amounts of added 
vitamin By are also bound by serum and are not removed by dialysis. 


The authors wish to thank the following people for cooperation in these 
studies: Dr. Grace A. Goldsmith and Dr. Walter G. Unglaub for clinical 
assistance and Janice Antin, Rowena Mitchell, and Jo Ann Pankey for 
their technical assistance. 
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The present study was undertaken because of our interest in the pig- 
ment or pigments produced by Neurospora crassa when grown in the 
presence of critical amounts of p-aminobenzoic acid. ‘This interest arises 
not only from the classical use of N. crassa in investigations of tn vivo bio- 
n, chemical syntheses, but more specifically from studies of a series of muta- 
tions relating p-aminobenzoic acid metabolism to sulfonamide-resistant 
and sulfanilamide-requiring strains of the mold (1, 2). 


75 In connection with the present paper, it should be noted that p-amino- 
benzoic acid is capable of inducing pigmentation in a variety of organisms 
). other than Neurospora (3-8). However, no isolation of the substances 


involved has been described, although Mayer and Crane (3) and also 
Neumann and Lavollay (4) report the presence of strong reducing agents 
generated by p-aminobenzoic acid metabolism in certain Mycobacteria (3) 
and in Aspergillus niger (4). It was concluded by Mayer that the reduc- 
l. ing agent formed by Mycobacterium was an oxidation product of the 
amino acid. 

- As to the normal pigmentation of N. crassa, the only extensive studies 
d known to us are those of Haxo and Zechmeister (9) on carotenoids pro- 


duced by the mold. 
7 
Methods 


Wild type N. crassa was grown in small lots on a minimal medium sup- 
plemented with 10-? mole per liter of p-aminobenzoic acid, as previously 
’ described (10). The mold was grown at Santa Barbara and, after process- 
ing, was shipped to Baltimore. In the earlier stages of the work the myce- 
lial mat was dried at 65° and then shipped; later samples were shipped wet 
and under toluene. The wet samples were considered more satisfactory, 
since extensive drying produced undesirable and apparently irreversible 


* From the doctoral dissertation of Ervin G. Pritchett, The Johns Hopkins Uni- 
versity, 1951. 
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changes. It may be noted that in the present instance the term mycelia] 
mat designates the mycelia, conidia, and those solids adhering to the 
hyphae. 

All of the pigment present in the filtrate was adsorbable on Norit, 5 
gm. of the latter per liter of solution being used. The Norit was then c¢ol- 
lected by filtration, washed with water, and air-dried at room temperature 
before shipment. The pigmented Norit and mycelial samples were kept 
in the dark, although no change was detected in samples intentionally ex- 
posed to sunlight. Before extraction the dried mycelial samples were 
ground with small quantities of peroxide-free ether and redried at 55-60°. 
After extraction the solutions produced were protected from light and, ex- 
cept in the case of benzene extracts, were kept in the cold room. 

Evaporations of large volumes of solvent were carried out in all-glass 
apparatus at reduced pressure and under dry nitrogen at temperatures of 
20-30°. Small quantities of solvents were removed in a darkened vacuum 
desiccator previously swept with nitrogen. 

Ultraviolet and visible spectra were determined with the Beckman 
model DU _ spectrophotometer, following conventional procedures (11). 
The infra-red spectrogram was obtained with a Baird Associates, Inc., 
double beam infra-red spectrophotometer. 


EXPERIMENTAL 
tltrate Analysis 


As reported earlier, filtrates of N. crassa grown in high p-aminobenzoic 
acid concentrations are greenish yellow in color and yield amorphous 
orange-red powders upon suitable treatment. It has not been possible to 
characterize this crude filtrate pigment beyond the properties described 
(10). Chromatographic methods of isolation have so far been unsuccess- 
ful because adsorbents weaker than alumina would not adsorb the pig- 
ments, and bands deposited on alumina itself could not be removed with- 
out evidence of considerable decomposition. It may be noted that im- 
pure pigments obtained in this way demonstrated reversible indicator 
properties, being yellow in base and red in acid. 

N-Acetyl-p-aminobenzoic Acid—-While efforts to elute the organic ma- 
terial selectively from the pigmented Norit were unsuccessful from the 
point of view of isolating the pigment in identifiable form, the presence of 
N-acetyl-p-aminobenzoic acid was established during such attempts. 

73 gm. of pigmented Norit were extracted continuously with dry benzene 
(about 300 ml.) in a Soxhlet extractor for 1 week. When the extract 
cooled to room temperature, a yellow-orange solid slowly formed until a 
total of 204 mg. had been collected.!. Most of the solid dissolved in aque- 


‘ No attempts were made to determine the total amount of extractable material. 
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ous 5 per cent sodium bicarbonate. ‘The filtered solution, on acidification 
to pH 4, precipitated 109 mg. of brownish solid. This solid was dissolved 
ina mixture of acetone and benzene. During 2 days at refrigerator tem- 
perature a small amount of hard, discolored material precipitated. Partial 
evaporation of the filtrate gave 40 mg. of fine white crystals (m.p. 255- 
256°). A mixture with authentic N-acetyl-p-aminobenzoic acid (m.p. 
257-258°) melted at 255-256°. 
CyH,O3N .2 Calculated, C 60.33, H 5.06; found, C 60.00, H 4.95 


Further confirmation of the identity of this product was obtained from 
absorption spectra. In 2 N hydrochloric acid authentic N-acetyl-p-amino- 
benzoic acid showed a maximum at 270 my (e€ = 12,300), while the mold 
product gave a quite similar curve with a maximum at 269 my (e = 11,800). 
At 226.5 mp, where the maximum characteristic of p-aminobenzoic acid 
in 2 N hydrochloric acid should appear (12), minima were recorded for all 
samples studied, including very impure ones. 


Mycelial Analysis 


In contrast to the findings of Haxo and Zechmeister (9), who observed 
great solubility of the normal conidial and mycelial pigments of N. crassa 
in petroleum ether, this solvent was found to be almost completely inef- 
fective for extracting the red mycelial pigments obtained in the present 
investigation. In fact, in only one of many samples studied was there a 
significant amount of petroleum ether-soluble pigment present.? Ethyl 
acetate, however, was found to be an excellent general solvent for extrac- 
tion of the dried mycelial mats. 

Basic Pigment—Several basic pigments appeared to occur in the myce- 
lial samples. ‘These basic pigments exhibited a common property in that 
their color deepened considerably upon treatment with mineral acids. 
One of these pigments was found to have a relatively high solubility in 
benzene and was isolated and purified as described in the following para- 
graphs. | 

The wet, toluene-covered mycelial mat was filtered by suction, and the 
damp residue was extracted with portions of benzene in a Waring blendor, 
12 liters of pigmented solution being obtained from about 2 kilos of the 
mycelial mat. The extracts were filtered directly onto solid sodium bi- 
carbonate and were separated from the aqueous layer which formed. The 


? Analysis by Mr. Joseph Walter, Department of Chemistry, The Johns Hopkins 
University. 

? Obtained as a ligroin-soluble oil after evaporation of an ethyl acetate extract 
that had been passed through a column of alumina. The product was an orange- 
colored oil, boiling at about 225° at3to4mm. It was a highly unsaturated hydro- 
carbon. 
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benzene solution was reduced in volume to about 3 liters and was dried 
over solid potassium carbonate. The clear, orange-colored benzene solu- 
tion was then extracted, 1 liter at a time, with 0.1 nN hydrochloric acids 
The light green extracts were run directly into a concentrated solution of 
sodium bicarbonate, resulting in a colloidal suspension of yellow solid, 
‘The benzene solution remained orange in color. 

The bicarbonate suspension was extracted with fresh benzene until a 
test portion of extract failed to develop color on shaking with 0.1 N hydro- 
chloric acid. The benzene solutions were dried with solid potassium 
carbonate, reduced in volume, and finally evaporated. The yellow solid 
remaining was contaminated with some darker material. After two re- 


|—— BASIC PIGMENT IN CHCI3(0.06349/, ) 
2--- ACETIC ACID 
HYDROCHLORIC ACID 
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Fig. 1. Ultraviolet absorption spectra of basic pigment, CigHigsN2O 


crystallizations from acetone-ligroin, a bright yellow amorphous powder 
was obtained (53.4 mg. from 8 liters of the original benzene extract). 

Continuous extraction (Soxhlet) of a sample of the amorphous powder 
with chloroform gave a green solution which was used for spectral studies. 
The concentration of this solution was determined by evaporating 1 ml. 
portions and weighing the residues. Absorption by the chloroform itself 
invalidated readings below 243 my. Fig. 1, Curve 1, clearly shows a maxi- 
mum at 351 my (k = 25.2), and another maximum further in the ultra- 
violet is indicated. A very dilute methanol solution revealed a maximum 
at about 240 mu. 

Addition of glacial acetic acid to the chloroform solution (1:15 by vol- 
ume) resulted in a maximum at 323 my (Fig. 1, Curve 2). Treatment of 

* More concentrated mineral acid produced undesirable changes, high acid con- 


centration causing complete precipitation of the pigment. Even in 0.1 n hydro- 
chloric acid a very slow fading of color was detected over a period of several days. 
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the chloroform solution with concentrated hydrochloric acid resulted in-a 
blood-red chloroform solution (Fig. 1, Curve 3) which showed maxima at 
957 mu (k = 11.8) and 446 mu (k = 17.0). 

Analysis of the original yellow solid showed that nitrogen was present. 
Tests for halogens and sulfur were negative. The substance showed no 
melting point, but darkened above 200°. ‘Treatment with hydrogen chlor- 
ide gas gave a reddish material which became yellow at 200°. At 200°, an 
additional treatment with hydrogen chloride restored the red color, al- 
though it remained for only about a half minute. 


Caleulated. C 76.4, H 6.39, N 
Found. 76.3, ‘* 6.31, ** 11.0 
“76.5, 6.39, 111 
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Fic. 2. Infra-red absorption spectrum of basic pigment, CisHisN2O 


The infra-red absorption spectrum of a dry sample mulled in mineral 
oil was recorded (Fig. 2).5 The bands appearing at 3.3 to 3.4, 6.8 to 6.9, 
and 7.2 to 7.3 w are due to the oil used. Phenyl groups seem to be ex- 
cluded, but a 6-naphthalenic structure could be accommodated by the 
spectrum. The characteristic absorption bands of amino, nitrile, and 
carbonyl groups do not appear (13). 

Chemical tests gave no indication of groups reducible to diazotizable 
amine, or of unsaturation responsive to ready addition or oxidation. 

Normal N. crassa—Comparative studies were made on N. crassa grown 
without added p-aminobenzoic acid, all other conditions being kept identi- 
cal to those producing the substances with which this report is concerned. 
Such “normal” growths gave (a) non-pigmented filtrates and (b) mycelial 
mats from which no acid-sensitive pigment was extracted by benzene. 


’ We wish to thank Mrs. Marjorie Melville for recording the infra-red spectrum 
at the Aberdeen Proving Grounds, Maryland. 
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Ergosterol—A concentrated ethyl acetate extract of 30 gm. of dried 
mycelial mat was filtered and greatly diluted with ligroin. On long stand- 
ing, under refrigeration, a small quantity of highly pigmented solid was 
collected. Repeated recrystallizations from ethanol and from ether left 
9.1 mg. of white crystals, m.p. 155-157°. The ultraviolet absorption 
spectrum of this substance agreed very well with that of ergosterol (14), 
with the addition of a broad peak (apparently due to a strongly absorbing 
impurity) at 230 mu. When kept for several weeks, the melting point 
had dropped to 148-151°. A mixture with authentic ergosterol® (m.p. 
148-152°) melted at 148—-151°. 

DISCUSSION 

Analysis of cultures of V. crassa grown in the presence of high concen- 
trations of p-aminobenzoic acid has resulted in the isolation of three com- 
pounds, two of which appear to be associated with abnormal] metabolism 
induced by the excess amino acid. 

The first of these was isolated from culture filtrates and has been identi- 
fied as N-acetyl-p-aminobenzoic acid. While it was previously known 
that animals are able to acetylate p-aminobenzoic acid (15), this is the 
first report of comparable ability on the part of a microorganism. The 
presence of the acetylated compound may account for reports of Wyco- 
bacteria-produced materials that are reduced to diazotizable amines in the 
presence of strong acid (4). 

The basic mycelial pigments encountered in this study have not been 
related structurally to p-aminobenzoic acid, nor have they been fully 
described. However, one of them has been isolated as a yellow powder 
of empirical formula (CysHigN 20), and some of its properties have been 
described. 

The third compound isolated during this investigation is ergosterol, 
which is not specifically associated with abnormal p-aminobenzoic acid 
metabolism, as Ottke has reported its isolation from Neurospora grown 
under other conditions (16). 

Several attempts failed to locate oxidation products of p-aminobenzoic 
acid in either the mycelial mat or the filtrate. The strong reducing 
agents reported by other workers (3, 4) to be generated during p-amino- 
benzoic acid metabolism in other organisms could not be shown to be 
present in this case. While it seemed possible that enzymatic oxidation of 
p-aminobenzoic acid might lead to compounds of the type studied by 
Saunders and Mann (17), we were unable to obtain any positive evidence 
by following their methods. Ferric chloride tests failed to indicate the 
presence of phenolic compounds (see (18)). In addition, azo, azoxy, wud 


6 Purchased from the Nutritional Biochemicals Corporation, Cleveland, Ohio. 
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nitroso derivatives (para) of benzoic acid have been prepared and stud- 
ied spectroscopically. ‘These will be described elsewhere, but it can be 
stated that comparative studies failed to reveal their presence in the cul- 
tures. 


SUMMARY 


A basic pigment, (CigHisN2O)z, has been isolated from the mycelial mat 
of N. crassa grown in the presence of toxic concentrations of p-amino- 
benzoic acid. Certain properties of the pigment have been described, 
although full characterization has so far been prevented by paucity of 
material. 

N-Acetyl-p-aminobenzoic acid has been found to be a metabolic product 
of p-aminobenzoic acid in N. crassa, while simple oxidation products of 
the amino acid could not be found. 

A substance identified as ergosterol by melting point and ultraviolet ab- 
sorption spectrum has been isolated from the mycelium. 

Carotenoid pigments (the normal mycelial coloring agents) were found 
only in trace amounts. 


The assistance of research grants from the United States Public Health 
Service and the Hynson, Westcott and Dunning Fund is gratefully ac- 
knowledged. ‘The authors also thank Dr. Rhona Bennett for technical 
assistance at the University of California, Santa Barbara College, and 
Dr. F. T. Haxo, Biology Department, The Johns Hopkins University, for 
helpful discussion. In addition their thanks are due to Dr. P. W. Brian 
of Imperial Chemicals, Ltd., Butterwick Research Laboratories, England, 
for his helpful interest and for a specimen of gladiolic acid. 
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(1) or as a result of a change in total protein concentration (1, 2). 


concentration increased from 2 to 8 per cent. 
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Previous investigators have reported a change in distribution of serum 
protein fractions, as measured by the areas subtending the conventional 
electrophoresis curves, as a result of a change in ionic strength of the buffer 


similar effect of total protein concentration on the electrophoretic analysis 
of ovalbumin has been shown by Cann (3). Although the effects of buffer 
ionic strength, buffer species, and pH on mobility have been well known, 
little attention has been given to the effect of protein concentration and 
species on the electrophoretic mobility of proteins. Luetscher (4) sug- 
gested that mobility might increase with protein concentration, but this 
comment was not amplified. Longsworth and MacInnes (5), in a dis- 
cussion of electrophoresis patterns, presented a table which showed a de- 
crease in the mobility of ovalbumin with increased protein concentration. 
Alexander and Johnson (6) refer to an unpublished qualitative observa- 
tion (Johnson and Shooter, 1946) that protein mobility decreased with an 
increase in protein concentration. In a recent paper on another subject, 
Alberty and Marvin (7) presented a table which showed a 10 per cent de- 
crease in the mobility of bovine serum albumin at pH 7.0 as the protein 


Our attention was called to this subject in the course of an experiment 
with rats which had been given nephrotoxic globulin to produce experi- 
mental nephritis. Analysis of sera from these animals suggested an ap- 
parent relation between the mobility of serum albumin and severity of 


* This work was supported in part by a grant (H-132-C3) from the National Heart 
Institute of the National Institutes of Health, and in part by a grant from the Re- 
search Trust Fund of Los Angeles. An abstract of the work was presented at the 
April 15, 1952 meeting of the American Society of Biological Chemists, in New York 
(13). The authors deeply appreciate the aid and suggestions of Professor Dan H. 


{ Present address, Department of Zoology, University of Wisconsin, Madison, 
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the disease. However, in tabulating the results it was found that the 
sera had been handled in a routine manner and diluted to the same extent 
before electrophoresis was performed. Since the concentration of total 
serum protein falls with the severity of nephrotoxic globulin nephritis in 
the rat, the determinations of electrophoretic mobility inadvertently had 
been performed in specimens that were progressively more dilute. It 
seemed necessary to know the effect of protein concentration and species 
upon the measurements of mobility before any conclusions could be 
drawn, and the present experiment was undertaken to secure this infor- 
mation. 


Methods and Materials 


The purified bovine serum albumin and y-globulin! were homogeneous 
by electrophoresis in Veronal buffer at pH 8.6. Normal serum was 
pooled from about thirty rats of the Slonaker-Addis strain, taken from 
stock, lightly anesthetized with ether, and exsanguinated from the ab- 
dominal aorta. The production and biological characteristics of neph- 
rotoxic globulin (NTG) nephritis in the rat have been described in detail 
(8, 9). Pooled sera from groups classified for severity of the nephritis in 
previous experiments were used. All sera were rapidly frozen and kept 
in the frozen state until thawed for dilution, dialysis, and determination 
of the electrophoretic mobility. 

The sera were dialyzed without dilution or were diluted with Veronal 
buffer, ionic strength 0.1, pH 8.6, before dialysis. The bovine proteins 
were dialyzed after dilution with the same buffer. Dialysis against the 
buffer was performed in cellophane sausage casing at 3°, either for 24 
hours with gentle stirring or for at least 3 days without stirring of the 
buffer. At the conclusion of dialysis, a portion of the solution was ana- 
lyzed for total protein concentration by a slight modification of the biu- 
ret method of Kingsley (10). Another portion was used to determine 
the electrical resistivity of the solution by means of a Wheatstone bridge. 

Electrophoretic analysis was performed, as indicated in the respective 
tables, either with open electrode vessels in a Perkin-Elmer electrophoresis 
apparatus, or with one of the electrode vessels closed in an instrument 
described by Swingle (11). The protein mobilities were calculated from 
measurements of the descending boundary only, according to the recom- 
mendations of Longsworth and MacInnes (5), by using the first moment 
of the gradient curve. The measured resistivity of the dialyzed protein 
buffer solution was used for the mobility calculations since this differs 
significantly from the resistivity of the buffer solution alone. 


| Bovine proteins were purchased from the Armour Laboratories, Chicago, Ili- 
nois. 
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RESULTS AND DISCUSSION 


The mobility of bovine serum albumin in the isolated system decreased 
17 per cent as the protein concentration increased from 0.61 to 5.95 per cent, 
as shown in Fig. 1. When the mobility of | per cent bovine serum albumin 
was determined in the presence of increasing concentrations of bovine 
serum y-globulin, there was an equivalent decrease of about 14 per cent in 
the mobility of the albumin as the total protein concentration rose from 
1.32 per cent to 3.50 per cent, also shown in Fig. 1. In the same experi- 
ments the mobility of the y-globulin decreased about 7 per cent (see 


@ 


B.S.A. 


1% B.S.A.+ B.G.G. 


R.S.A. 


om? voit! x 1075 


2.0 4.0 6.0 
TOTAL PROTEIN % 

Fic. 1. Relation of albumin mobility to total protein concentration of the sam- 
ple used for electrophoretic analysis. B.S. A., bovine serum albumin; B. G. G., 
bovine y-globulin; R. S. A., rat albumin in rat serum. 


oO 


Table I). Although the direction of change in albumin mobility is the 
same with increasing albumin or y-globulin concentrations, Fig. 1 shows 
that increasing y-globulin concentrations produce a greater decrease in 
the albumin mobility than an equal weight of albumin alone. If the 
curve representing mobility of 1 per cent albumin in the presence of y-globu- 
lin is extrapolated, it should join the curve for albumin alone at the 1 per 
cent level, and inspection of Fig. 1 indicates an approximation of this 
expected result. 

Results of experiments with normal rat serum resembled those obtained 
with bovine serum albumin. The mobility of rat serum albumin in whole 
normal rat serum decreased as the total protein concentration increased. 
In the open electrode system, albumin mobility diminished by 29 per 
cent as the total protein concentration rose from 0.72 to 5.36 per cent 
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(Table II). In the closed electrode system, albumin mobility diminished 
by 23 per cent as the total protein concentration rose from 0.53 to 4.82 per 
cent (Table III). Since the change in mobility in the open clectrode 


TABLE I 
Bovine Serum Proteins in Closed Electrophoretic System 


Mobility, sq. cm. volt sec.~! K 1075 
Per cent total protein : 
| Albumin y-Globulin 


Albumin only 


_ — 


0.61 7.93 | 
1.46 7.48 | 
3.90 6.67 | 
5.95 6.60 | 


1.32 7.36 1.7; 
1.73 7.05 1.6, 
2.24 6.91 1.62 
3.50 6.36 
TABLE II 
Normal Rat Serum in Open Electrophoretic System 
Mobility, sq. cm. volt! sec.~! 1075 
Per cent total protein 
Albumin ai-Globulin a2-Globulin 8-Globulin -Globulin 
0.72 6.92 6.40. 4.9, 3.57 2.75 
1.09 6.50 5.86 4.55 3.4, 2.62 
1.75 6.29 5.64 4.35 3.25 2.42 
2.15 5.78 3.47 1.6; 
2.68 5.82 4.95 3.9 2.62 1.8% 
3.61 5.11 4.3;* 2.1¢ 1.5» 
4.50 4.97 | 2.90 1.9; 1.25 
5.36 4.94 4.0.* 2.06 1.45 


* ai- + a2-Globulin, as the pattern did not resolve the peaks. 


system is of similar magnitude to that in the closed system, the concentra- 
tion effect on mobility cannot be due to anomalies that may be encoun- 
tered in the open system. In these experiments, the relative proportion 
of serum protein components remained constant, except for the appar- 
ently small percentile changes in the areas subtending the electropho- 
resis curves, previously commented upon, which would be produced by 
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shed dilution of serum. The other protein components, a-, a@2-, B-, and y- 
2 per globulins, showed an equivalent decrease in mobility as the total protein 
rode concentration rose. 

The albumin mobilities derived from analysis of nephritic rat sera were 
plotted against the actual protein concentration of the sample used, to- 


TABLE III 
want Normal Rat Serum in Closed Electrophoretic System 


Mobility, sq. cm. sec.~' K 1075 
Per cent total protein 


| | pGlobulia | +-Globulin 
0.53 6.92 5.85 4.85 3.2) 1.6, 
1.23 6.53 5. 5s 4.57 2.85 1.5s 
3.30 5.72 4.8, 3.78 2.37 1.2; 
4.82 5.37 4.49 3.50 2.25 1.1. 
® 
x 
T 
” 
+ 6 oF 
bo) 
in > 
— 
= 
4.8 t t + 
2.0 4.0 6.0 


TOTAL PROTEIN % 


Fig. 2. Relation of electrophoretic mobility of serum albumin to total protein 
concentration of the sample used. @, values for normal rat serum albumin; O, 
values for serum albumin of rats with nephrotoxic globulin nephritis. 


gether with data obtained from various dilutions of normal rat serum. 


‘a- As can be seen in Fig. 2, the values obtained in nephritic sera do not differ 
n- significantly from the values obtained in normal sera when the total pro- 
on tein concentration of the sample used is taken into consideration. 

r- From these results it is apparent that both the concentration of total 


0- protein and the protein species have an important effect upon the deter- 
mination of electrophoretic mobility of bovine and rat serum proteins. 
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Without recognition of these factors, the interpretation of data has doubt- 
ful significance, as in the statement that in the rat the urinary albumin 
after administration of renin has a somewhat greater mobility than norma! 
serum albumin (12). In order to compare mobilities, in addition to the 
usual factors of buffer strength, species, and pH, the protein concentration 
must be held constant and the protein species must be known. It may 
be suggested from theoretical considerations that the protein mobility 
at infinite dilution should be constant and independent of other protein 
species present. 

An explanation of the dependence of protein mobility on total protein 
concentration and protein species cannot be offered on the basis of our 
experiments. Such factors as viscosity (5), reduction of net charge through 
protein-protein interactions, total ionic strength of the protein solution, as 
well as protein-solvent binding, will have to be considered in order to ae. 
count for the concentration effect on mobility. 


SUMMARY 


It was found that the electrophoretic mobility on bovine serum albumin 
is diminished as the total protein concentration of the sample is increased. 
The magnitude of this effect is variable, depending upon the protein spe- 
cies present. Thus, in the presence of y-globulin of bovine serum the 
mobility of bovine serum albumin is less than m the presence of an equal 
weight of protein which is all albumin. The albumin of nephritic rats has 
the same mobility as the serum albumin of normal rats when determina- 
tions are compared at the same total protein concentration. Unless these 
effects of concentration and species are considered, protein mobilities 
cannot be compared. 


BIBLIOGRAPHY 


1. Perlmann, G. k., and Kaufman, D., J. Am. Chem. Soc., 67, 638 (1945). 

2. Jameson, E., Arch. Biochem., 15, 389 (1947). 

3. Cann, J. R., J. Am. Chem. Soc., 71, 907 (1949). 

4. Luetscher, J. A., Jr., J. Clin. Invest., 19, 313 (1940). 

5. Longsworth, L. G., and MacInnes, D. A., J. Am. Chem. Soc., 62, 705 (1940). 

6. Alexander, A. E., and Johnson, P., Colloid science, New York, 1, 326 (1949). 

7. Alberty, R. A., and Marvin, H. H., Jr., J. Am. Chem. Soc., 73, 3220 (1951). 

8. Lippman, R. W., Marti, H. U., and Campbell, D. H., Arch. Path., 58, 1 (1952). 
9. Lippman, R. W., Marti, H. U., and Jacobs, E. E., Arch. Path., 54, 169 (1952). 
10. Kingsley, G. R., J. Biol. Chem., 181, 197 (1939). 


. Swingle, S. M., Rev. Scient. Instruments, 18, 128 (1947). 

. Sellers, A. L., Roberts, S., Rask, I., Smith, S., 3rd, Marmorston, J., and Good- 
man, H. C., J. Exp. Med., 95, 465 (1952). 

. Lippman, R. W., and Banovitz, J., Federation Proe., 11, 250 (1952). 


Nore 


_ 


2 
4 
se 
~ 
+ 
. 
“a. 
4 


METABOLISM OF CARDIAC MUSCLE 


IV. UTILIZATION OF PYRUVATE AND pi-LACTATE BY DUCK 
HEART* 


By O. NEAL MILLER ann ROBERT FE. OLSON 


(From the Department of Nutrition, Harvard School of Public Health, and 
the Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, March 13, 1952) 


There is good evidence that pyruvate and lactate are important sources 
of energy for the intact heart. Early studies by Himwich et al. (1) in the 
open chest dog and by McGinty and Miller (2) in the heart-lung prepa- 
ration showed that lactate was removed from the coronary blood during 
its perfusion of the myocardium. Subsequent studies by Braun-Menen- 
dez et al. (3) with the isolated circulating heart showed that blood pyru- 
vate was also extracted by the intact heart. More recent investigations 
of myocardial metabolism in the intact, lightly anesthetized dog (4) and 
in man (5) by means of cardiac catheterization have confirmed and ex- 
tended the previous work. There has been, however, no systematic 
study of lactate and pyruvate metabolism in cardiac muscle slices, al- 
though there have been a few isolated observations of the effect of these 
substrates upon respiration in slices (6-10) and homogenates (11). In 
view of the interest in this laboratory in studying the effect of vitamin 
deficiencies upon cardiac metabolism (12-14) in vitro, it was thought im- 
portant to document the effect of certain variables upon the utilization 
of pyruvate and lactate in normal heart slices. Later studies in this 
laboratory have dealt with the synthesis of radioactive L(+ )- and p(—)- 
lactic acids, as well as with the metabolism of these isomers in animal 
tissues (15). 

The present paper is devoted to a study by the Warburg technique of 
the metabolism of pyruvate and pt-lactate in slices of heart ventricle 


* Supported in part by grants-in-aid from the Life Insurance Medical Research 
Fund, New York, Swift and Company, Chicago, and the Nutrition Foundation, 
Inc., New York. 

t Part of the data is from a thesis submitted to the Faculty of the Graduate 
School of Arts and Sciences, Harvard University, in partial fulfilment of require- 
ments for the degree of Doctor of Philosophy. Present address, Department of Bio- 
chemistry and Nutrition, University of Texas, Medical Branch, Galveston, Texas. 

{ This work was accomplished during the tenure of a Research Fellowship of the 
American Heart Association. Present address, Department of Biochemistry and 
Nutrition, Graduate School of Public Health, University of Pittsburgh, Pitts- 
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from normal] ducks. The effects of time of incubation and substrate con- 
centration upon the utilization of substrate and total respiration are de- 
termined. Two radioisomers of pyruvate, tagged with C™ in the car. 
bonyl and carboxyl groups, respectively, are employed in certain of these 
studies m order to ascertain the rate of oxidation of pyruvate as a func- 
tion of concentration and determine the degree to which added pyruvate 
contributes to the oxygen consumption of the cardiac slice. It has been 
possible to derive a formulation describing the rate of decay of meta- 
bolic activity in heart slices incubated in the presence of pyruvate as a 
function of time. 
EXPERIMENTAL 


White Pekin ducklings were placed in heated, raised bottom cages 
when 1 day of age and fed an adequate purified diet (12) ad libitum for 2 
to 3 weeks at which time they weighed 250 to 450 gm. The ducks were 
sacrificed by decapitation, the hearts quickly excised and chilled in cracked 
ice, and slices of ventricle prepared. For measurements of respiration, 
the direct method of Warburg was used with Oz as the gas phase at 37°. 
3.0 ml. of medium with one slice of heart muscle, 10 to 15 mg. of dry weight, 
in the main chamber and 0.2 ml. of 10 per cent KOH in the center well 
were employed. The details of the procedure and the composition of 
the medium have been previously described (13). 

The substrates used in these experiments were redistilled non-isotopic 
pyruvic acid crystallized as the sodium salt (14), two C™ radioisomers of 
pyruvate labeled in the carbonyl and carboxyl groups, respectively, and 
also prepared as the sodium salts (14), and non-isotopic commercial 
(analytical reagent) pL-lactic acid, depolymerized by boiling for 10 min- 
utes, titrated with standard alkali, and made up in phosphate-saline 
medium to the required molarity. The initial concentration of lactate 
or pyruvate varied from 2 to 40 mm per liter. In a few experiments the 
pyruvate was added from the side arm of the flask by tipping at intervals 
of from 1 to 20 minutes after the addition of tissue. 

At the end of the period of incubation, reactions were stopped by addi- 
tion of 0.2 ml. of 100 per cent trichloroacetic acid. Pyruvate and lactate 
were determined on the protein-free filtrate by the methods previously 
employed (13). In the experiments with tagged pyruvate, the C0, 
captured in the center well was precipitated as BaC“O; and counted with 
an end window Geiger-Miiller tube. Initial activities of added substrate 
were determined by wet combustion and counted in the same way (14). 
Unless otherwise specified, the results of these determinations are ex- 
pressed in terms of metabolic quotients (Q), 7.e., the number of micro- 


liters of metabolite or gas formed or lost per mg. of dry weight per hour 
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(22.4 wl. = 1 uM). In this way all values are in molar proportion to the 


on- 
dee Qo, Qct4o, was calculated as previously described (13). 
ar- 
exe Results 
ne- Effect of Time on Substrate Utilization 
ate 
en A feature of the metabolism of the surviving tissue slice is the prone- 
ta- ness of Qo, and other parameters of metabolic activity to decrease with 
- LACTATE DISAPPEARANCE 
400} 
200 
KETO ACID APPEARANCE. 
= 
PYRUVATE 
DISAPPEARANCE 
400} 
LACTATE 
APPEARANCE 
ic ACTATE APP(NO SUBS) - 
O60 120. 180 240 
dd TIME IN MINUTES 
i] Fig. 1. The effect of time of incubation of heart slices upon the utilization of 


pyruvate and pi-lactate. In the upper chart O represents lactate uptake with lac- 
. tate initially present at 5 mm per liter, X keto acid accumulation in the presence of 

added lactate, and @ keto acid accumulation in the presence of added substrate. 
© | Inthe lower chart, O shows pyruvate uptake with pyruvate present at 5 mm per liter, 
e ~~ ~=6.X lactate accumulation in the presence of added pyruvate, and @ lactate levels in 
§ the absence of added substrate. 


increasing time of incubation. This is well illustrated in Fig. 1 for duck 
' heart slices by the time curves of pyruvate and lactate utilization. In 
the case of lactate, the uptake of substrate was initially rapid and came to 
a complete standstill at about 40 minutes. Keto acid accumulation was 
| negligible. 

, In the case of pyruvate the rate of disappearance was initially rapid 
and then progressively less rapid. In the absence of substrate, it may be 
seen that lactate production from endogenous metabolites is rapid during 
the first 5 minutes of incubation, as indicated by a rise in lactate from 17 
uM to 100 um per gm. of dry weight in the slice after 5 minutes of incuba- 
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tion. ‘Thereafter, up to 240 minutes, the lactate concentration gradually 
declines again.? 

In the presence of added pyruvate, the lactate formation during the 
first 5 minutes is 25 uM per gm. of dry weight greater than without sub- 
strate, the additional lactate assumed to have been derived from the 
added pyruvate by reduction. In contrast to the experiments in which 
no substrate is added, the lactate level reached in 5 minutes in the pres- 
ence of pyruvate does not change during the remaining 235 minutes of the 
experiment. It seems reasonable that the explanation for this is that 
lactate at this concentration (about 0.8 mm per liter) is not oxidized jn 
the presence of a 4- to 5-fold excess of pyruvate. 


2 
46 
35H pyruvaATE | Lactare 
30 30} 
25 
Q oil Q LACTATE 
(5 (PYRUVATE) \ 
iO} QLacTATE jog Q&KETO 
(NO SUBSTRATE) > 


O 20 60 120 {80 24020 60 120 180 240 
TIME IN MINUTES 
Fic. 2. The effect of time of incubation of heart slices upon the metabolic quo- 
tients for pyruvate and pt-lactate with pyruvate or lactate initially present at 
5 mm per liter. The data from which these were calculated as cumulative quo- 
tients are shown in Fig. 1. The same symbols are used. 


When the cumulative changes in lactate and pyruvate plotted in Fig. | 
ure expressed in terms of metabolic quotients and plotted as a function of 
time, the plots shown in Fig. 2 are obtained. The rapid fall in the rates 
of substrate utilization with time are striking, particularly for the early 
periods of the experiments. ‘The curves for lactate uptake illustrate very 
well the artifactitious character of the metabolic quotient as a function of 
time, since positive values are obtained after uptake has ceased (60 min- 
utes). The values for oxygen consumption obtained in these experiments 
are shown in Fig. 3. The respiration of slices of duck heart ventricle was 
much better sustained with pyruvate as added substrate than with lac- 
tate or no added substrate. 


' The initial burst in lactic acid formation is thought to be due to rapid glyeoly- 
sis induced by increasing the temperature of the preparation in the presence of rela- 
tive anoxia, since equilibration of the unoxygenated medium with oxygen is occur- 
ring during this initial interval. As the oxygen tension is raised in the medium, 
the conditions required for glycolysis are abolished and thereafter oxidative re- 
moval of the accumulated lactate occurs. 
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\ mathematical formulation which would describe the rate of decline 
in pyruvate utilization and oxygen consumption in the cardiac muscle 
dice incubated for various lengths of time was sought. After trying vart- 
‘ous Q-t plots empirically, it was found that log-log plots of net —Qpyruvate 
(ie, conversion of pyruvate to non-lactate products (12)) and Qo, (in 
the presence of pyruvate) were linear and could be expressed as a linear 
equation; v7z., log Q = m log t — log K (Fig. 5). If one solves such a 

102 (PYRUVATE) | 


? ° 


Q O.(NO SUBSTRATE 


0 60 120 180 240 

TIME IN MINUTES 
Fig. 3. The effect of time of incubation of heart slices upon the Qo... Data 
- obtained in the presence of pyruvate (X) with lactate (O), and with no added sub- 
strate (@). The Qo, values are plotted for the times which mark the end of the 
_ period of incubation in each case. 


linear equation for its antilogarithmic values, one obtains generically 
Q = ktm 


where Q = Qo, or net —Qyyruvatee A = constant which is the antilog of 
the y intercept on the log-log plot or the value for Q at 1 minute, ¢ = 
total time of incubation in minutes, m = slope of the curve. Values for 
mand k were obtained from the experimental data on the linear plot by 
the method of least squares and the following equations obtained for duck 
heart ventricle slices. 


Qo. = —33.0t9-25*9.01 
Net — Qpyruvate = — 67.149 -59 £0.03 


Correlation coefficients for the net —Qpyruvate and O» values, respectively, 
were 0.94 and 0.60. Similar values were obtained with rat heart slices, 
although in general the quotients were 50 per cent or more higher (16). 
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It is possible, further, to determine the rate of pyruvate utilization gf 


any time. If one plots the cumulative data for net pyruvate disappear. 
ance shown in Fig. 1 as a function of time on a log-log plot, a straigh 
line is obtained whose equation is log (pyruvate uptake in micromox 
per gm. of dry weight) = 0.43 log ¢ + log 46. By taking the ant. 
logarithms of this equation one obtains 


Pyruvate uptake (um per gm. dry weight) = 461°-43 


The first derivative of this equation will give the rate of pyruvate wae 


per unit of time at any time; 272. 


d uM per gm. weight 
dt 


=kxXmxXt- 


Since Q = (60 X d microliters per mg. of dry weight) /dt, Q can be sub. 
stituted for the (d micromoles per gm. of weight) /dt by modification of th 


constant; t.e., K = (k XK 22.4 & 60 & m)/1000 to yield 
Q, = 27t-9-87 


which describes a line below that of the observed Q and parallel to it af 


shown in Fig. 4. From these data it appears that the rate of decay (i 


the pyruvic acid oxidase system of heart slices in the presence of addeif 


pyruvate is a logarithmic function of the time of incubation at 37°. 


Effect of Concentration of Substrate upon Substrate Utilization and 
Oxygen Consumption 


The effects of increasing the concentrations of lactate and pyruvate} 


upon their respective rates of disappearance in cardiac muscle slices and 
the corresponding oxygen uptakes are shown in Figs. 5 and 6. Oxygei 
consumption was stimulated with both of these substrates as their con- 
centration in the medium was raised to 5 mm per liter and thereafter rr. 
mained constant despite the increased disappearance of substrate. Thes 
facts suggest that the removal of these substrates at high concentrations 
is largely non-oxidative. 


Effect of Increasing Concentrations of Radioactive Pyruvate upon 
Recovery of from Carboxyl- and Carbonyl-Labeled 
Radiotsomers 


The rates of C“O, recovery from heart slices incubated with C'-carboxy! 
and C-carbonyl-labeled pyruvate at concentrations varying from 2 to 4# 
mo per liter are plotted in Fig. 6. It has been pointed out previously 
(14) that the difference between net —Qpyruvate and Qciio, (carboxyl), 


z.e., the conversion of pyruvate to non-lactate products without loss dp | 
COs, probably represents anabolism of pyruvate in the direction of car 
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Fig. 4. Log-log plot of Qo, and net —Qpyruvate in duck heart ventricle slices as a 
function of time. The Qo, values obtained with pyruvate at 5 mm per liter as sub- 
strate are plotted as O in Curve C. The cumulative net —Qpyruvate Values obtained 
experimentally are plotted at the times marking the end of the period of incuba- 
tion as @ in Curve A. The values for instantaneous net —Qpyruvate at time ¢ ob- 
tained by differentiating the equation for Curve A are plotted as X in Curve B. 
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Fic. 5. The effect of concentration of pi-lactate upon the uptake of lactate and 
the Qo, in duck ventricle slices. X,—Qtactate Values; O, Qo, values; and @, Qketo 
(accumulation of keto acids). 

Fig. 6. The effect of concentration of pyruvate upon the net uptake of pyruvate, 
Qo., and production of CO, from carbonyl- and carboxyl-labeled pyruvate by 
duck heart ventricle slices. The substrate was initially present in the medium and 
the total period of incubation at 37° was 75 minutes. A, values for net — Qpyruvate, 
and ©, those for Qo,. @, values for recovery of CO, from carbonyl-labeled pyru- 
vate, and X, CO, from carboxyl-labeled pyruvate. The amount of oxygen con- 
sumption associated with the combustion of added substrate is represented by O. 
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bohydrate synthesis (via the reactions of glycolysis). In these experi- 
ments at 5 mm per liter of pyruvate, 43 per cent of the pyruvate which 
disappeared did so without decarboxylation, at 10 mm per liter the frae- 
tion was 50 per cent, at 20 mm per liter it was 61 per cent, and at 40 my 
per liter it was 71 per cent. At this latter concentration, no extra acetate, 
acetoacetate, acetoin, diacetyl, or glycogen appeared to account for the 
anabolic fraction. As the concentration of pyruvate increased in the 
medium, the amount which disappeared non-oxidatively was proportion- 
ately greater. 

Certain other interesting conclusions may be drawn from these data 
with regard to the fraction of pyruvate oxidized. If a steady state among 
the intermediates of the Krebs tricarboxylic acid cycle is assumed, the 
amount of oxygen associated with the combustion of added pyruvate from 
the recovery of CO. from the two radioisomers of pyruvate may be 
calculated (14). The value for oxygen consumption due to the oxidation 
of added pyruvate at concentrations between 2 and 40 mm per liter is 
plotted in Fig. 6 as a dotted line. If one compares the line for Qo, with 
this dotted line, it may be seen that at 5 mm per liter the contribution of 
oxidized pyruvate to the total oxygen consumption of the slice was 45 per 
cent, at 10 mM per liter it was 70 per cent, at 20 mm per liter it was 90 per 
cent, and at 40 mm per liter it was 93 per cent. It appears obvious from 
these data that, as the concentration of pyruvate was raised, more of 
added substrate and less of endogenous substrate in the heart slice was 
burned until at 40 mm per liter nearly the total oxygen consumption of 
the slice was accounted for by the oxidation of added pyruvate. 

In connection with the old question of the interpretation of stimula- 
tions in Qo, as a result of adding substrate to a tissue slice, it may be 
pointed out that at 2 mm per liter, of pyruvate the oxygen used in the 
combustion of added pyruvate was equal to the degree of stimulation of 
the Qo, above the endogenous value, while at 40 mm per liter the oxygen 
used in the combustion of added pyruvate was equal essentially to the 
entire Qo,. 

DISCUSSION 


Riihl (17) showed that lactate utilization in the heart-lung preparation 
was a function of the lactate concentration in the arterial blood and our 
experiments confirm this relationship for slices of ventricle in vitro. Other 
workers have studied both pyruvate (3) and lactate (2, 17) extraction in 
the heart-lung preparation and have obtained values very close to those 
obtained by us (at comparable concentrations of substrate) with slices im 
vitro. Goodale, Olson, and Hackel (5) have observed that extraction of 
lactate and pyruvate by the human myocardium in vivo is a function of 
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the arterial concentration of these substrates and that the rate of extrac- 
tion at various arterial concentrations is comparable to that obtained in 
the heart-lung preparation and in the heart muscle slice. The rate of 
change in the Oz consumption and utilization of pyruvate by the slice is 
a logarithmic function of time, and, although the log-log plot cannot be 
extrapolated indefinitely, the values in O, consumption observed at very 
short intervals of time compare favorably with those observed in vivo (4, 
18). 

With regard to the disposition of added pyruvate in cardiac slices, it 
has been pointed out by Olson and Stare (14) that, when carboxyl-labeled 
pyruvate at 5 mM per liter is tipped into flasks containing cardiac muscle 
slices respiring in phosphate-saline, only 50 per cent of the pyruvate which 
disappears to non-lactate products is decarboxylated; the remaining 50 
per cent is metabolized most likely via phosphopyruvate to carbohydrate 
precursors. ‘The results presented herewith confirm and extend this find- 
ing. It is noteworthy that at 40 mo per liter as much as 75 per cent of the 
net pyruvate disappearance can be accounted for in the anabolic fraction 
and this is greatly reduced by the addition of inhibitors of glycolysis such 
as arsenite and fluoride (19). 

It also seems clear from the isotope experiments that a fraction of the 
pyruvate which disappears is oxidized to completion in the cardiac muscle 
slice. This is in opposition to the conclusion of Bernheim and Bernheim 
(20) who found a stimulation in Qo, when pyruvate was added to cardiac 
slices and after considering the CO,./O. exchange data inferred that the 
oxidation of pyruvate in cardiac slices stopped at the acetate stage. 

With regard to the competitive inhibition of endogenous substrate oxi- 
dation by added pyruvate, it is of interest that, although the Qo, re- 
mains constant at concentrations of pyruvate ranging from 5 to 40 mm 
per liter, the contribution of added pyruvate to the total oxygen con- 
sumption rises from 45 to 93 per cent. 


SUMMARY 


1. The rate of utilization of pyruvate and lactate in cardiac muscle 
slices is a function of the initial concentration of substrate. Both oxi- 
dative and non-oxidative reactions account for the utilization, the non- 
oxidative ones being more prominent at high concentrations of substrate. 

2. The rate of decline in utilization of pyruvate by cardiac muscle 
slices is a logarithmic function of time. | 

3. Labeled pyruvate is oxidized to completion in the heart slice and 
may at high concentrations (40 mm per liter) account for practically the 
entire oxygen consumption of the slice. 
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Numerous studies on the distribution of the isomers of lactic acid in 
animal tissues have indicated that the L(+) isomer is the physiological 
substrate (1-3). Indeed, by the administration of each isomer of lactic 
acid to fasted rats in vivo, Cori and Cori (4) demonstrated that L(+)- 
lactate was utilized 4 times as actively as its optical antipode. Other 
studies in vitro by Meyerhof and Lohmann (5) demonstrated that, although 
minces of rat kidney, liver, and brain were more responsive to L(+)- 
lactate, the unnatural form was oxidized to some extent. Investigators, 
nevertheless, have used racemic C"*-lactate in the study of the metabo- 
lism of lactic acid in experimental animals (6-8). The purpose of this 
study was to investigate the oxidation and utilization of radioactive 
L(+)- and p(—)-lactic acids in slices of heart, liver, and brain of the duck 
and the rat with C-labeled isomers prepared individually by the micro- 
biological method of Brin et al. (9). 


EXPERIMENTAL 


White Pekin ducks and albino rats of the Hisaw strain were used in 
these studies. Day-old ducklings were obtained from the hatchery and 
were fed a purified ration! (10) ad libitum until they reached 200 to 300 
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Inc., New York. 
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Nutrition, Graduate School of Public Health, University of Pittsburgh, Pittsburgh, 
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‘The synthetic vitamins used in these rations were provided through the cour- 
tesy of Merck and Company, Inc., Rahway, New Jersey. 
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gm. Weanling rats were fed Purina chow until they reached 175 to 200 
gm., at which weight they were sacrificed. After decapitation, the ex. 
cised heart, liver, and brain were chilled in chipped ice, kept in oxy. 
genated phosphate-saline, sliced, and added to the prepared Warburg 
vessels. The techniques of tissue slicing and incubation at 37° with 0, 
for 80 minutes have been described previously (10). L- and_ p-lactate 
were added initially to the main chamber of the Warburg vessel. The 
composition of the phosphate buffer was NaCl 0.115 m, KCI 0.004 a, 
MeCl. 0.005 m, PO 0.020 mM, and the pH was 7.4. 

L- and p-lactates uniformly labeled with C' were prepared by the micro- 
biological method described by Brin ef al. (9). Unlabeled L- and _ p-lactic 
acids were prepared similarly, although in some cases L-lactate (Pfanstiehl) 
was used. 

Lactic acid utilization was determined on the incubation medium by 
the chemical method of Barker and Summerson (11). COs was isolated 
from the center well and counted as the barium salt. All data were ex- 
pressed in terms of the metabolic quotient “Q’’ which refers to the micro- 
liters of substrate utilized in 1 hour by | mg. of dry tissue. 

The first series of experiments dealt with comparative rates of oxidation 
and utilization of L- and p-lactic acids in duck ventricle slices at concen- 
trations of 0 to 40 mo per liter. The second series dealt with the metab- 
olism of these isomers at a concentration of 5 mm per liter in slices of 
heart, liver, and brain of the duck and the rat. 


Results 


Duck Heart Slices; L(+)- and p(—)-lactates at 0 to 40 mu Per Liter— 
The data for the oxygen consumption and CQO, production from isomeric 
lactates in heart slices are presented in Fig. 1. The endogenous Qo, 1n- 
creased to a maximum as the concentration of L-lactate was raised to 5 mM 
per liter; further increase in lactate to 40 mm per liter did not increase the 
Qo,. It is clear that L-lactate stimulated the oxygen consumption of heart 
slices 5 times as much as did p-lactate. L-Lactate was also oxidized to 
C¥O, 3 to 5 times as rapidly as p-lactate at all concentrations of sub- 
strate. In spite of the constancy of Qo, above 5 mm per liter of substrate, 
however, the Qc1so, from labeled lactate increased as the initial concentra- 
tion of the substrate was increased in both cases. This finding is similar 
to that observed previously with pyruvate and lactate by Miller and Olson 
(12) and Brin and Olson (13), respectively, and suggests that as the con- 
centration of added substrate was increased it was burned in preference 
to the endogenous substrate. 

The data for the utilization of lactate under the experimental conditions 
of this series are plotted in the upper two curves of Fig. 2. It is noteworthy 
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that although the curve for L-lactate lies above that for p-lactate the 
difference between the two is not significant. This is of particular sig- 
nificance in view of the wide difference between the rates of oxidation 
to C4O2 of the two isomers in duck heart slices, as is shown in the lower 
two curves of Fig. 2. 

Duck and Rat Heart, Liver, and Brain Sleces; u(+ )- and p(— )-lactates 
at 5 mu Per Liter—In this series of experiments the metabolism of the 
lactate isomers was studied in slices of heart, liver, and brain from both 


20. -L(+) LACTATE 
15+ 1S+ 
~D(-) LACTATE 
Q -O, L(+) Q 
10+ 
-O2 D(-) 
14 + 
+C'“O, L(+) 
~L(+) OX1D. 
+C'*0, D(-) -D(-)OX1D. 
LACTATE mMI/L LACTATE mM/L 


Fia. 1 Fig. 2 


Fic. 1. The effect of substrate concentration upon the oxygen consumption and 
CO, production of duck ventricle slices incubated with radioactive antipodes of 
lactic acid. The upper pair of curves shows the effect of concentration of (O)- 
L(+) and (@) p(—)-lactate upon the Qo,. The lower pair of curves represents the 
C40, production obtained with the two isomers at various concentrations. 

Fig. 2. The metabolism of L(+)- and p(—)-C"'-lactate in duck heart ventricle 
slices as a function of concentration of substrate. The upper pair of curves shows 
the disappearance of substrate expressed as —Qiactate With the two isomers. The 
lower pair of curves shows the amount of substrate oxidized. O represents L(+)- 


lactate and @ p(—)-lactate. 


the duck and the rat. The concentration of lactate, added initially, was 
5 mM per liter in all cases. The data are plotted in Fig. 3 for the duck 
and Fig. 4 for the rat. 

Heart—t-Lactate stimulated the endogenous oxygen consumption more 
than p-lactate in heart slices of the duck and the rat. A_ similar sit- 
uation was observed in the oxidation of these substrates to C“Os. On 
the other hand, both isomers of lactate were utilized equally well in heart 
slices of both species. 

Liver—The endogenous oxygen consumption of liver slices of the duck 
and rat was stimulated by L-lactate more than p(—)-lactate. In fact, 
the stimulation of duck liver slices by the unnatural isomer was not sig- 
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Fic. 3. The comparison of the metabolism of L(+)- and p(—)-C'!-lactate (5 mm 
per liter) in three tissues from the duck. (/) The effect of these substrates on oxy- 
gen consumption, (2) the rate of uptake of these substrates, and (3) the amount of 
substrate oxidized to COs. 
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Fic. 4. The comparison of the metabolism of L(+)- and p(—)-C't-lactate (9 
mm per liter) in three tissues of the rat. (1) The effect of these substrates on oxy- 
gen consumption, (2) the rate of uptake of these substrates, and (3) the amount of 
substrate oxidized to CO:. 
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nificant. Similarly more t-lactate was oxidized to CO, than p-lactate. 
Unlike heart slices, the liver slices of both species utilized more L-lactate 
than D-lactate. 

Brain—The Qo, of brain slices of both species was markedly increased 
by the presence of L-lactate, whereas the Qo, of neither duck nor rat brain 
was stimulated significantly by p-lactate. Likewise, far more L-lactate 
was utilized anabolically and oxidized to C“O, than p-lactate in brain 
slices of both species. 


DISCUSSION 


It is evident from the data presented that slices of heart, liver, and 
brain, from both the duck and the rat, oxidized L-lactate many times more 
rapidly than its optical antipode. The differences in the metabolism of 
the two stereoisomers were most marked in brain slices, and in no tissue 
was the difference less than 3-fold. Although the identification of the 
enzymes responsible for the metabolism of p-lactate was beyond the scope 
of this study, it is of interest to speculate somewhat on this matter, in view 
of the data presented above. 

A lactic acid racemase could, indeed, account for the oxidation of pD-lac- 
tate to C“Oe.. Such racemases have been recognized in bacteria for some 
time (14-16) and more recently such an enzyme has been described in 
animal tissue. Mahler and Huennekens (17) and Huennekens et al. (18) 
have described an a-hydroxy acid racemase in the supernatant of liver 
eyvclophorase preparations which racemized malate, lactate, isocitrate, and 
a-hydroxyglutarate. By combining this supernatant with liver cyclo- 
phorase it was demonstrated that propionate was oxidized to COs via 
L- and p-lactate and pyruvate. 

If p-lactate were oxidized solely through pyruvate via a lactate acid 
racemase or possibly a p(— )-lactic dehydrogenase, the ratio of the quantity 
of lactate which was oxidized to that which disappeared would be ex- 
pected to be the same for p-lactate as for the natural isomer. With all 
the tissues studied, however, the disappearance of p-lactate was far in 
excess Of what one might expect from the oxidation data. Undoubtedly 
these tissues have additional pathways for the metabolism of p-lactate. 
The utilization of p-lactate without concomitant CO, production is a 
hon-oxidative phenomenon. Conversion of p-lactate to acetaldehyde, 
methylglyoxal, or other aldehydic intermediates of glycolysis are im- 
probable, since Miller (19) demonstrated that there was no increase in 
reducing substance upon incubating duck ventricle slices with pL-lactate 
in the sodium phosphate buffer. On the other hand, the conversion of 
D-lactate to non-reducing intermediates such as phosphoglyceric acid has 
not been ruled out. In addition to the evidence of a close relation be- 
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tween lactate and propionate in liver as shown by studies with liver cyclo. 
phorase (17, 18, 20, 21) Lorber et al. (22) have demonstrated that the 
degree of isotope dilution undergone by propionate in its conversion to 
liver glycogen in the intact rat was of the same order of magnitude as 
that found for lactate. Indeed, such a conversion would account for the 
non-oxidative disappearance of lactic acid, particularly at high concep- 
trations of lactate. 


SUMMARY 


L(+ )-Lactate at a concentration of 5 mM per liter was oxidized 3 to 5 
times as rapidly as p(—)-lactate by slices of heart and liver of the duck 
and the rat and 10 to 20 times as rapidly by brain slices of both species 
as shown by data on oxygen consumption and CQ. production from 
labeled substrates. On the other hand, p-lactate was utilized equally as 
well as L-lactate by slices of duck heart and rat heart, two-thirds as well 
by rat brain, and one-third as well by duck liver and brain and rat liver. 
Studies with duck heart, in which the concentration of each isomer of 
lactate was varied from 0 to 40 mo per liter, demonstrated that at higher 
levels the added substrate was oxidized in preference to the endogenous 
substrate. 

Although a lactic acid racemase could account for the oxidation of p-lac- 
tate to CO, through pyruvate and the tricarboxylic acid cycle, additional 
pathways appeared to be required to account for the high rates of utiliza- 
tion of p-lactate in the absence of significant amounts of oxidation. 
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Both pyruvate and lactate are extracted by the intact myocardium at 
physiological levels (1, 2) and are rapidly burned to CO, in the intact 
cardiac muscle slice. They are interconverted by the diphosphopyridine 
nucleotide-dependent lactic acid dehydrogenase system and share a com- 
mon final pathway for terminal oxidation (3, 4). Since these substrates 
are so closely related in carbohydrate metabolism, a metabolic competi- 
tio under certain conditions might be expected. Very little has been 
done to explore the possibility of such a competition, although Braun- 
Menendez et al. (5) concluded that each substrate was used independently 
as a function of concentration in the heart-lung preparation. The pur- 
pose of this study was to determine the rates of utilization, oxidation, 
and interconversion of pyruvate and L(+)-lactate when incubated to- 
gether at various concentrations with cardiac muscle slices from duck- 
lings. By tagging one substrate at a time with C"™ it was possible to 
determine the rates of exchange between substrates as well as the over-all 
rates of oxidation in an open system. 
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EXPERIMENTAL 


Day-old white Pekin ducks were obtained from the hatchery and fed 
a complete purified ration! (6) ad libitum. When the birds reached 209 
to 300 gm. in weight they were sacrificed by decapitation. The excised 
heart was chilled in chipped ice, transferred to oxygenated cold phos. 
phate-saline, sliced, and added to the prepared Warburg vessels. The 
techniques of tissue slicing and incubation at 37° with Oz for 80 minutes 
have been described previously (6). Pyruvate and L(+ )-lactate were 
added initially to the main chamber of the. Warburg vessel. The com- 
position of the phosphate buffer was NaCl] 0.115 m, KCl 0.004 m, MgCl, 
0.005 M, and Na2HPOwNaHe2PO, 0.020 M, and the pH was 7.4, 

L(+)-Lactic acid was used exclusively in these studies, since previous 
studies by Brin et al. (3), in which the metabolism of L(+)- and p(-)- 
lactic acids by various tissues of the duck and the rat were compared, 
demonstrated that the dextrorotatory isomer was the preferred substrate, 
L-Lactic acid uniformly labeled with C™ was prepared by the microbio- 
logical method described by Brin et al. (7). Unlabeled t-lactic acid was 
prepared similarly, although in some cases L-lactic acid (Pfanstiehl) was 
used. C-Carbonyl-labeled pyruvate was prepared as previously de- 
scribed (8). Inactive pyruvate was prepared as the sodium salt from 
freshly distilled free acid. 

Lactic acid utilization was determined on the incubation medium by 
the chemical method of Barker and Summerson (9). Pyruvate utiliza- 
tion was determined by the method of Friedemann and Haugen (10). 
CO, was isolated from the center well and counted as the barium salt. 
All data were expressed in terms of the metabolic quotient ‘Q” which 
refers to the microliters of substrate utilized in 1 hour by 1 mg. of dry 
tissue (6). : 

In order to estimate the rate of interconversion of pyruvate and lactate 
it was necessary to determine the specific activities of these substrates 
before and after being incubated with heart slices. These studies were 
accomplished by incubating cardiac muscle slices in the Dubnoff meta- 
bolic shaking apparatus at 37° with 25 ml. beakers under a continuous flow 
of oxygen for 80 minutes. In this manner sufficient medium was avail- 
able after incubation to permit the preparation of insoluble derivatives 
of each substrate without the addition of inactive carrier. 

The specific activity of lactate was determined by counting the acet- 
aldehyde-dimedon complex obtained after the decarboxylation of lactate 
to acetaldehyde by potassium permanganate. The method of oxidizing 
lactate to acetaldehyde is similar to that described by Friedemann et al. 


‘The synthetic vitamins used in these rations were provided through the cour- 
tesy of Merck and Company, Inc., Rahway, New Jersey. 
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(11). The apparatus used in these experiments was very similar to that 
of Friedemann e¢ al. Their bisulfite absorption system was replaced 
with a 15 ml. centrifuge tube containing 10 ml. of dimedon-buffer (0.1 N 
sodium acetate-acetic acid buffer, pH 4.25, containing 4 mg. of dimedon 
(Eastman) per ml.). This receiving tube was always immersed in ice. 
The air inlet tube was adjusted to bubble well below the level of the react- 
ants. The entire apparatus was reduced in size by the use of available 
glassware standard taper size 19/38. The reaction vessel, a 50 ml. round 
bottomed flask, was prepared, containing 10 ml. of a manganese-sulfuric 
acid solution (1 per cent MnSQO, in 10 n H2SO,) and a protein-free filtrate 
containing at least 4 mg. of lactic acid. (A trichloroacetic acid filtrate 
has been satisfactory for this work.) Two or three alundum chips are 
added and the flask is attached to the still. The mixture is then heated 
to vigorous boiling and the potassium permanganate (about 0.1 N) is 
added dropwise until a pink color remains. The mixture is now boiled 
for 10 minutes so that the acetaldehyde is aerated to the cold buffered 
dimedon. At the end of this period one removes the reaction vessel from 
the still. The receiving tube is then removed and tightly stoppered. ‘The 
tubes containing the cold acetaldehyde are allowed to come to room tem- 
perature and are shaken vigorously until slightly turbid. Precipitation 
is completed by allowing the tubes to stand at room temperature over- 
night. The dimedon-acetaldehyde complex is then precipitated, washed 
twice with ice-cold water, plated, and counted. Rapid precipitation may 
be accomplished by shaking continuously for 15 minutes, but this is dis- 
advantageous since the material agglomerates. Should the latter prob- 
lem arise it may be remedied either by the addition of a wetting agent 
or by the evacuation of the suspension. Hence, the overnight precipita- 
tion has proved more satisfactory with regard to both the amount of 
precipitate as well as its plating properties. Since 2 units of dimedon 
combine with 1 of acetaldehyde, one obtains 3 to 4 mg. of complex from 
the acetaldehyde retained by the cold buffer. Being at pH 4.25 the buffer 
does not retain decarboxylated C“O,. It is possible, therefore, to collect 
the carboxyl carbon of lactic acid by placing an alkali absorption tube 
beyond the dimedon-receiving tube. The C“O, may then be precipitated 
and plated as BaC“O;. Preformed interfering substances may be re- 
moved by boiling the sample before the oxidation procedure. If neces- 
sary, incoming air may be washed in a bisulfite tube to remove atmospheric 
carbonyl compounds. Most products of the permanganate oxidation do 
not reach the buffered dimedon as only very volatile compounds are aer- 
ated beyond the reflux condenser. In addition, it is readily seen from 
the data of Friedemann et al. (11) that there are very few metabolites 
which form volatile carbonyl compounds by the above oxidation which 


fed 
se (| 
OS- 
he 
re ‘ 
| 
i 


478 L-C4-LACTATE AND C'4-PYRUVATE 


interfere with lactic acid. The specific activity of a sample of L-lactic 
acid, as determined by the acetaldehyde-dimedon procedure, was very 
similar to that determined by the wet combustion technique (12), namely 
1121 and 1111 c¢.p.m. per mg., respectively. 

The specific activity of pyruvate was determined by counting the 2 4 
dinitrophenylhydrazine derivative. 


RESULTS AND DISCUSSION 


Metabolism of C'4-Carbonyl-Labeled Pyrwate Alone and in Presence of 
Inactive 1.(+)-Lactic Acid—Data on the metabolism of C'-carbonyl- 
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Fic. 1. Metabolic competition between C'‘-carbonyl-labeled pyruvate and un- 
labeled L(+)-lactate in duck heart ventricle slices. C'!!-Carbonyl-labeled pyru- 
vate is present in all experiments at 5 mm per liter. Unlabeled L(+ -)-lactate varies 
from 0 to5 mm per liter. The effect of varying lactate concentration upon the uptake 
of pyruvate (—Qpyruvate X 3) (O) isshown in the top curve, the effects of variation of 
lactate upon Qo, (@) and the Qc!4o, XK 3 (®@) are shown in the two middle curves, 
and the effect of increased lactate level upon the production of extra lactate from 
pyruvate is shown in the bottom curve. 


labeled pyruvate alone have been presented in Fig. 6 of Paper IV in this 
series (4). 

The data for experiments in which radioactive pyruvate was maintained 
at a concentration of 5 mm per liter, while unlabeled L-lactate was varied 
from 0 to 5 mM per liter, are presented in Fig. 1. The values plotted on 
the ordinate present the metabolic quotients when pyruvate was present 
alone at 5 mo per liter. Under these conditions the rate of oxygen con- 
sumption of pyruvate at 5 mM per liter was not further stimulated by the 
addition of lactate. This suggests that the main oxidative channel for 
these 3-carbon metabolites in cardiac muscle slices was operating at maxi- 
mum capacity with pyruvate at 5 mm per liter. The rate of the disap- 
pearance of pyruvate in the presence of lactate, as determined chemically, 
is presented in the upper curve and indicates that there was no inhibi- 
tion of pyruvate utilization as the concentration of the accompanying L- 
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lactate was increased. Furthermore (lower curve) the rate of appearance 
of lactate from pyruvate decreased with increasing levels of initial lac- 
tate. From the competitive standpoint, however, it is most significant 
that as the level of lactate was increased from 0 to 5 mm per liter, the 
(40, recovered from radiopyruvate decreased 35 per cent. This decrease 
in C4O, production occurred in spite of maintained pyruvate disappear- 
ance and a net conversion of pyruvate to lactate. Since the Qo, was 
maintained constant under these conditions, it is obvious that unlabeled 
lactate was effectively competing with pyruvate for the final common 
oxidative pathway through the Krebs cycle. The relative constancy of 
the level of lactate in the system indicates that the lactate which under- 
went oxidation was quickly replaced, probably from labeled pyruvate, ac- 
cording to the following reaction. 


CH;C“OCOOH + CH;CHOHCOOH = CH;C“HOHCOOH + CH;COCOOH 


Metabolism of u(+-)-Lactate Evenly Labeled with C™“ Alone and in Pres- 
ence of Pyruvate—Data on the metabolism of t-lactate evenly labeled 
with C“ alone, varying in concentration from 0 to 5 mo per liter, by duck 
ventricle slices are presented in Fig. 2. The endogenous rate of oxygen 
consumption was stimulated by raising the concentration of lactate to 
3 mM per liter; further increase in the level of lactate did not affect the 
Qo, Lactate disappearance and the rate of C“O, production from radio- 
active lactate (Fig. 2) varied with the concentration of initial lactate in 
the range studied, 0 to 5 mm per liter. The percentage of the oxygen 
consumption which was attributable to the oxidation of radioactive lac- 
tate (as C4O.) increased as the concentration of the substrate increased. 
This demonstrated that, at higher concentrations, lactate also was oxi- 
dized by the slice in preference to the available endogenous substrate. 

Data for experiments in which L-lactic acid uniformly labeled with C™ 
was maintained at 5 mm per liter and unlabeled pyruvate was varied from 
0 to 5 mm per liter are shown in Fig. 3. The values plotted on the ordi- 
nate represent the various metabolic quotients when lactate at 5 mM per 
liter is incubated in the absence of pyruvate. It is noteworthy that the 
Qo, with lactate alone at 5 mm per liter, which is maximum for even higher 
levels of lactate, can be further stimulated when pyruvate is added up to 
3mmM per liter. Evidently the common oxidative pathway for 3-carbon 
metabolites is not working at full capacity in cardiac slices with lactate at 
5mm per liter. Since the Qo, with lactate at 3 mm per liter was not stimu- 
lated by increasing the concentration of lactate to 5 mm per liter and 
since this Qo, was less than that for pyruvate at an equivalent concen- 
tration, it may be presumed that the net conversion of lactate alone at 
)mmM per liter to pyruvate and its subsequent oxidation to CO2 were 
limited by lactic dehydrogenase. 
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The very marked inhibition of lactate utilization (lactate maintained 
at 5 mm per liter) observed when the concentration of pyruvate was ip. 
creased from 0 to 5 mm per liter is also noteworthy. The disappearance 
of lactate was completely inhibited at a concentration of pyruvate of 3 my 
per liter and higher. Yet, when the pyruvate was at 5 mm per liter, at 
which level there was a net appearance of lactate from pyruvate, the re- 
covery of CO: from radiolactate was inhibited only 43 per cent. This 
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Fig. 2. The effect of concentration of L(+)-lactate uniformly labeled with C* 
upon the lactate uptake, oxygen consumption, and CQO, production in duck heart 
ventricle slices. The net —Qinsctate has been multiplied by 3 in this chart to make 
the values comparable to the Qo, and the Qc14o, from evenly labeled lactate. O, 
—Qiactate X 3, @, Qos, and © Qcl4oo. 

Fig. 3. Metabolic competition between L(+)-lactate evenly labeled with C™ and 
unlabeled pyruvate in duck heart ventricle slices. wL(+)-Lactate evenly labeled 
with C"* is preseni in all experiments at 5 mM per liter. Unlabeled pyruvate varies 
from 0 to 5 mm per titer. The effect of varying pyruvate concentration upon the 
uptake of lactate (—Qtactate X 3) is shown in the bottom curve (Q@); the effect of 
variation in pyruvate concentration upon the uptake of pyruvate in the presence 
of lactate is shown in the top curve (—Qpyruvate X 3) (@); the effects of variation 
of pyruvate upon the Qo, (O) and the Qc140, (©) are shown in the two middle curves. 


is further evidence for the high degree of activity of lactic dehydrogenase 
in the slice in catalyzing the exchange of unlabeled pyruvate synchronous 
to the oxidation of labeled lactate; hence the isotope is effectively dis- 
tributed between pyruvate and lactate. 

Distribution of Isotope between Pyruvate and L(+-)-Lactate by Heart Slices 
—The observations that the presence of unlabeled lactate inhibited the 
CO, production from the labeled pyruvate without a concomitant reduc- 
tion in oxygen consumption suggested that the specific activity of the 
pyruvate being burned had been decreased in the course of the experi- 
mental period. A similar explanation would apply to the data obtained 
in heart slices incubated with labeled lactate and unlabeled pyruvate. 
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The rate of interconversion of lactate and pyruvate was therefore investi- 
gated by the isolation of derivatives of pyruvate and lactate before and 
after incubation with heart slices. 

Results of three experiments in which C'-carbonyl-labeled pyruvate 
and unlabeled lactate were employed are presented in Table I. It is 
observed that the incubation of heart slices with pyruvate alone at a 
concentration of 5 mM per liter resulted in a decrease in the specific activity 
of the labeled substrate from 41,000 to 37,300 c.p.m. per mM. The addi- 


TABLE 


Competitive Equilibration of Isotopic Carbon between C'4-Carbonyl-Labeled Pyruvate 
and u-Lactate in Cardiac Muscle Slices 


Substrate Incubation 

min. c.p.m. per mM 
C'-Lactate from 80 16,730 


TABLE II 


Competitive Equilibration of Isotopic Carbon between uL-Lactate Uniformly 
Labeled with C4 and Pyruvate in Cardiac Muscle Slices 


Specific activity 


Substrate Incubation of substrate 


c.p.m. per mM 
98 , 700 
85,700 
65, 800 
38 , 300 


“ 


C4-Pyruvate from 


tion of unlabeled lactate to this system further reduced the specific activity 
of the pyruvate to 24,400 c.p.m. per mm or, as otherwise stated, by 35 
per cent. During this incubation period, as was shown in Fig. 1, the 
CO, production from labeled pyruvate was reduced in the presence of 
lactate by 35 per cent of its value with pyruvate alone. Simultaneous 
determinations of the specific activity of the initially unlabeled lactate 
indicated that the activity of the lactate at the end of the incubation 
period was 40 per cent of that of the initial pyruvate. 

Data for similar studies of the situation in which heart slices were incu- 
bated with radioactive lactate and inactive pyruvate are presented in 
Table II. In this case the incubation of heart slices with radiolactate 
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alone reduced the specific activity of the latter from 98,700 to 85,70 
c.p.m. per mM. In these experiments the specific activity of the lactate 
dropped 22 per cent of its initial value in the presence of pyruvate, with a 
slight increase in lactate concentration. At the same time, the activity 
in the C¥QO, decreased 43 per cent. The latter suggests that the combus- 
tion of a certain fraction of the added inactive pyruvate occurred without 
equilibration with the labeled lactate, and thereby confirms the previous 
observation that higher rates of oxidation occur with pyruvate than with 
lactate (see Figs. 1, 2, and 3). This tended to reduce the activity of the 
CO, produced more than would be predicted from changes in the specific 
activity of the radiolactate and is consistent with the view that lactic 
dehydrogenase is the limiting enzyme in the oxidation of lactate by heart 
slices. On the other hand, the total activity lost from lactate can be 
accounted for by equilibration with pyruvate and conversion to C™O,, 
The fact that the specific activity of pyruvate rose (41 per cent) more than 
that of the lactate declined (22 per cent) simply reflects the changes in 
the amounts of pyruvate and lactate in the course of the experiment. 


SUMMARY 


Competitive situations have been studied in which duck ventricle slices 
have been incubated with C'-carbonyl-labeled pyruvate alone, with L(+)- 
lactate uniformly labeled with C™ alone, or with various combinations 
of these substrates in concentrations ranging from 0 to 5 mM per liter. 
The following observations were made. 

(1) Neither substrate inhibited the rate of oxygen consumption in the 
presence of the other. Although the presence of lactate did not increase 
the Qo, observed with pyruvate alone, the presence of pyruvate did in- 
crease the Qo, observed with lactate alone. 

(2) Whereas the presence of lactate did not inhibit the disappearance 
of pyruvate, the disappearance of lactate was progressively depressed by 
increasing concentrations of pyruvate to complete suppression at a level 
of pyruvate greater than 3 mo per liter. 

(3) Although no inhibition of Qo, was observed in either case, the 
Qc11o, from labeled pyruvate at 5 mm per liter was inhibited by the pres- 
ence of unlabeled lactate at 5 mM per liter by 35 per cent. Similarly, 
the Qc1s0, from labeled L-lactate at 5 mM per liter was inhibited by the 
presence of unlabeled pyruvate at 5 mm per liter by 43 per cent. 

(4) Studies on the specific activity of both substrates before and after 
incubation with heart slices demonstrated the following: (a) At the end 
of the incubation period the substrate which was unlabeled initially pos- 
sessed roughly 40 per cent of the original radioactivity of the other. This 
equilibration of isotopic carbon between: pyruvate and lactate was prob- 
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ably mediated by lactic dehydrogenase through the reaction 
CH,;C“OCOOH + CH;CHOHCOOH = CH;C“HOHCOOH + CH;COCOOH 


(b) Changes in CO; from labeled pyruvate in the first case, or labeled 
lactate in the second case, were demonstrated to be directly related to the 
specific activity of the pyruvate pool. (c) Despite the sizable rate of 
exchange between pyruvate and lactate catalyzed by lactic dehydrogenase, 
this enzyme appears to be the limiting factor in the oxidation of lactate 
to COs. 

(5) A method was presented for the determination of the specific activity 
of radioactive lactic acid when in the presence of other metabolites. 
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